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Abstract 
Reducing greenhouse gas emissions, particularly carbon dioxide, has become a key objective 

in global environmental policies, especially within the European Union. Achieving this goal 

relies on adopting renewable energy sources and eco-friendly technologies, with one promising 

approach being the blending of hydrogen with natural gas. This emerging trend in the energy 

sector represents a significant step toward decarbonisation. Blending hydrogen into the existing 

natural gas pipeline network is seen as a way to enhance renewable energy output, reduce 

domestic carbon emissions, and address the global carbon footprint. Many developed 

economies, including the UK, have devised strategies to support this transition. For example, 

the UK’s HyDeploy project aims to blend 20% hydrogen by volume with natural gas. However, 

introducing hydrogen into natural gas networks can affect the behaviour of pipeline materials 

through a phenomenon known as hydrogen embrittlement. This a process whereby hydrogen 

atoms diffuse into metals and alter their mechanical properties, by weakening the metal and 

making it more susceptible to cracking under stress, even at relatively low loads. Therefore, it 

is crucial to assess the durability of materials in hydrogen-rich environments to safely execute 

this project.  

This research therefore aims to assess the impact of hydrogen exposure on the mechanical 

properties of ex-service pipeline materials in the UK’s natural gas network. To achieve this, 

the fatigue properties under controlled temperature and pressure conditions of these materials 

were investigated. The specimens were exposed to a hydrogen-rich environment using 

specialized equipment, where they were soaked or charged with hydrogen for varying durations 

of up to nine months, allowing hydrogen to diffuse into the material.  

The results indicated that the mechanical properties of the tested metals were altered due to 

hydrogen embrittlement. However, statistical parametric analysis revealed that these changes 

were insignificant enough to compromise the safety of deploying the existing pipeline network 

for distributing natural gas blended with 20% hydrogen by volume. Nonetheless, the extent of 

impact varied across different pipeline materials, influenced by material composition, exposure 

duration, and operating conditions. 
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1.1 Introduction to Background  

To address the escalating global climate crisis, countries worldwide signed the Paris 

Agreement in April 2016 [1], committing to limit the rise in global warming. To meet this 

goal, nations must identify low-carbon, sustainable, and clean energy sources to replace 

fossil fuels. These efforts to cultivate environmental consciousness in today’s society have 

resulted in the adoption of a notable strategy, which involves the use of hydrogen, 

especially when combined with natural gas. The key attractive feature is that hydrogen does 

not contain carbon atoms and therefore does not produce harmful carbon compound gases 

[2,3]. Therefore, hydrogen in the energy sector holds the potential for reducing emissions 

and therefore advancing sustainability objectives. According to ref [4] the energy sector 

was responsible for 77.01% of greenhouse gas emissions in 2019, and blending natural gas 

with hydrogen will contribute to a green society. The process involves mixing hydrogen 

typically derived from renewable sources, with natural gas to create a cleaner fuel mixture 
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that can be used across various sectors, including transportation and domestic heating. The 

incorporation of hydrogen into natural gas offers several advantages. Firstly, it enables the 

reduction of carbon emissions associated with natural gas consumption, contributing to 

efforts to combat climate change [2,5,6]. By substituting a portion of natural gas with 

hydrogen, emissions from combustion processes can be significantly lowered, thereby 

mitigating environmental impacts. Secondly, hydrogen blending with natural gas presents 

opportunities for enhancing energy efficiency and promoting renewable energy integration. 

By using surplus renewable energy to produce hydrogen through processes like 

electrolysis, excess energy can be effectively stored and used in the form of blended natural 

gas. This facilitates the integration of renewable energy sources into the existing natural 

gas infrastructure, thereby bolstering grid stability and reliability.  

Nevertheless, due to its small size, materials easily absorb hydrogen, leading to an uneven 

and unstable distribution within them. [2,7]. In particular, when a metal is placed in a 

hydrogen-rich environment, it absorbs hydrogen, a process known as uptake. The hydrogen 

atoms tend to concentrate in specific areas of the metal’s crystal lattice [8]. As these 

hydrogen atoms accumulate, they weaken the chemical bonds within the lattice. This 

weakening makes the metal more brittle and susceptible to fractures [9]. The combination 

of hydrogen uptake and bond weakening leads to a phenomenon called hydrogen 

embrittlement, where the metal becomes more prone to cracking and failure, even under 

low-stress conditions. This effect on the metal's mechanical properties is crucial to consider 

in various industrial applications. 

The National Transmission System in the UK comprises nearly 5,000 miles of high-

pressure steel pipelines and over 500 above-ground installations [10]. These are welded 

pipes and must withstand internal fluid pressure as well as harsh external conditions. 

Welding high-strength pipeline materials presents a significant challenge for engineers, 

particularly in the construction of pipelines and oil and gas transportation lines 

[11]Developing and implementing effective welding techniques for these materials is 

essential to enhancing reliability and profitability within the industry. 

Despite the aforementioned significance of incorporating hydrogen into the energy system, 

a significant obstacle persists known as hydrogen embrittlement (HE). HE is a phenomenon 

whereby metals become brittle and susceptible to fracture when exposed to hydrogen atoms 

[12,13]. This phenomenon was first observed by Johnson when he noticed a change in some 
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of the physical properties of iron as a result of its temporary immersion in hydrochloric and 

sulfuric acids [7,14]. It arises when hydrogen atoms penetrate solid metals, and inducing 

failure is often known as hydrogen-induced cracking. This emerges when significant 

amounts of hydrogen infiltrate the material and the excess hydrogen can recombine as 

molecular hydrogen at matrix interfaces, leading to microstructure defects such as 

inclusions and carbides. Consequently, a substantial internal pressure builds up, facilitating 

the initiation and propagation of cracks. This phenomenon impacts various materials with 

its effects being particularly notable around ambient temperature [15,16]. For crack growth 

to occur, both atomic hydrogen and mechanical stress are necessary. The propensity to 

experience embrittlement when exposed to hydrogen is known as the susceptibility of the 

material to hydrogen embrittlement [8]. It involves the material’s vulnerability to 

hydrogen-induced cracking, which can lead to reduced ductility, increased brittleness, and 

potential structural failure. Factors affecting susceptibility include the type of metal, 

hydrogen concentration, stress levels, and exposure conditions. As such, HE has become 

one of the biggest obstacles to the deployment of hydrogen energy infrastructure, including 

the repurposing of natural gas pipelines for the transport of gaseous hydrogen [17], whose 

failures could lead to catastrophic accidents. 

Hydrogen embrittlement can be classified into two categories [18]: (i) Subcritical crack 

growth occurring above a threshold stress that is below the yield stress, and (ii) Fracture 

initiation at a stress level between the yield stress and the ultimate tensile strength (UTS). 

In the second category, the fracture can start either through micro-void coalescence, similar 

to fractures occurring in air, or through a more brittle fracture mode starting at the surface. 

The source of this hydrogen originates from sources such as the environment, 

electrochemical processes, and manufacturing activities e.g. welding. This problem is 

relatively accurate for pipes transporting hydrogen pure or blended with natural gas. 

However, if the diffusible hydrogen content is below the critical level of hydrogen which 

is known as critical hydrogen concentration, then the chances of HE can be neglected. The 

main degradation mechanisms are fatigue crack growth due to cyclic loading and slow 

crack growth under constant loads, particularly around welds and heat-affected zones in 

pipes [5]. Therefore, design considerations must be accurately constructed to accommodate 

hydrogen embrittlement when designing structures intended for exposure to hydrogen-rich 

environments.
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1.2 HE in pipeline material and network 

The hydrogen embrittlement of steels has been extensively researched. Hydrogen can 

accelerate the degradation of pipeline steel, primarily through embrittlement, which leads 

to cracks and can ultimately cause pipeline failure [19]. While hydrogen concentration and 

pressure contribute to embrittlement [5], the grade of steel and the mechanical properties 

of both the steel and welds [20] also significantly affect the embrittlement process [5]. 

Consider for example some common metals used in the energy network like X52 (steel 

with a minimum yield strength of 52 kilo pounds per square inch) low carbon steel, grey 

cast iron and brass. Refs [19,21] suggest that lower-grade, more ductile steel (grades below 

X52) could be less affected by hydrogen embrittlement than less ductile steel (grades above 

X52). However, the susceptibility of X52 pipeline steel to HE increases with both hydrogen 

charging time and hydrogen pressure. At a charging time of 96 hours, the HE susceptibility 

index reaches 45.86%, approximately 3.6 times that at a charging time of 0 hours [22,23]. 

Similarly, a charging pressure of 4 MPa results in a HE susceptibility index of 31.61%, 

approximately 2.5 times higher than that at a charging pressure of 0.3 MPa. The key 

question arising is how the susceptibility of degraded pipeline X52 low-carbon steel 

changes when it is exposed to a higher-pressure hydrogen gas environment for extended 

periods of up to nine months. In the case of welds in the pipeline, the heat-affected zones 

are especially susceptible to hydrogen embrittlement because they can experience residual 

stresses that are much higher than those in the main pipe body [5]. Special strategies like 

inner coating, intelligent pigging, operational pressure management, admixing degradation 

inhibitors, etc. [19], have been adopted in the industry to prevent hydrogen embrittlement 

in steel pipelines yet these strategies only minimise the rate of hydrogen ingress to the 

metal. 

Unlike high-strength steels, cast irons present graphite that can accommodate diffused 

hydrogen, delaying the embrittlement effect [24]. The graphite diameter has a significant 

effect on the hydrogen embrittlement, due to its microstructural design [25]. Hydrogen 

causes multiple small cracks to form and link at the graphite/ferrite interfaces, increasing 

the elongation of cast iron during constant load testing [26]. The ferrite matrix then cracks 

through a brittle cleavage fracture mechanism. However, graphite content in cast irons can 

accommodate diffused hydrogen, delaying the embrittlement effect [24]. Other strategies 

include selecting materials with added alloy elements such as nickel, chromium, or 

molybdenum can improve resistance [7,27]. Surface treatments, including the application 
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of protective coatings also create a barrier against hydrogen. Heat treatments such as 

tempering and annealing reduce internal stresses and enhance ductility [28,29]. 

Additionally, cathodic protection using impressed current systems and sacrificial anodes 

like zinc or magnesium can prevent hydrogen uptake. 

Presently, the materials used in hydrogen equipment are limited to austenitic stainless steel 

and aluminium alloy due to their reduced susceptibility to hydrogen embrittlement [25,30]. 

Other equipment includes compressor stations and regulator stations [5]. Compressor 

stations serve to both pressurize and purify the gas to maintain flow and quality, while 

regulator stations typically reduce pressure between transmission and distribution systems. 

The selection of materials is therefore crucial and based on a combination of factors, 

including available strength, durability, and cost requirements. To realize the vision of a 

hydrogen-based society, it becomes imperative to broaden the selection of materials for 

hydrogen equipment to include more common and cost-effective options. This expansion 

would necessitate establishing safety guidelines for materials that may exhibit 

susceptibility to hydrogen embrittlement. Therefore, from both safety and economic 

perspectives, there is a crucial need to investigate the behaviour of common and affordable 

materials used in hydrogen environments concerning hydrogen embrittlement. 

Having summarised the effects of hydrogen blending on the potential impacts on the 

distribution network, the safety concern poses a significant challenge to the safety of 

existing distribution networks. While the rate of embrittlement is dependent on numerous 

factors, including the type of materials used in the network, the extent of material 

degradation overuse, and the operating conditions, this further justifies the scope of 

continuous research in this domain. For example, when conducting tensile tests on API L 

X52 pipe steel, specimens were loaded in air, and then subjected to hydrogen introduction 

through an electrolytic process at a potential of −1volts, it was observed that the elongation 

at failure decreased by 38%, while the yield stress decreased by 3.8%, and the ultimate 

strength decreased by 7.4% [31]. This further buttresses the fact that slight changes in a 

variety of parameters will lead to changes in the mechanical properties of the network. 

Therefore, to ensure the safe blending of natural gas with hydrogen, it is imperative to 

evaluate the mechanical properties of network materials for compliance with design 

considerations post-hydrogen embrittlement. Therefore, by overcoming the technical, 

economic, and regulatory barriers through collaborative efforts and innovative solutions, 
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the potential of hydrogen blending of natural gas to pave the way towards a cleaner, more 

sustainable energy future can be achieved. 

1.2.1 Global advances in natural gas blending and the situation in the UK 

Many countries have ambitious targets for hydrogen production and many projects to blend 

natural gas exist globally. In 2020, the U.S. Department of Energy released the “Hydrogen 

Program Plan,” outlining strategies for research, development, and validation of hydrogen 

technologies, while addressing market and institutional barriers to facilitate multiple 

application pathways [32]. A Hydrogen Strategy for a Climate-Neutral Europe to use green 

hydrogen energy  as the development target was set in 2020 [6]. Similarly, Japan developed 

a fundamental strategy for hydrogen energy aimed at expanding its use in households, 

industry, and transportation [3]. Australia's “National Hydrogen Strategy” aimed to 

establish a cluster of hydrogen hubs with large demand, improve efficiency through 

economies of scale, and promote synergistic effect through sector coupling [33]. China's 

National Development and Reform Commission (NDRC) and National Energy 

Administration (NEA) jointly issued the “Energy Technology Revolution and Innovation 

Action Plan (2016–2030)” (cited in ref [3]) to incorporate the hydrogen energy industry 

into the national energy strategy. Although the reasons, methods, and approaches for 

developing the hydrogen energy industry differ from country to country, the global climate 

change response has made the development of clean energy the prevailing trend. It is the 

essential pathway to achieving a green, low-carbon, and sustainable global economy. 

In actioning the policies described above, Europe has an advanced natural gas network and 

repurposing of existing pipelines in blended natural gas is expected to result in significant 

savings compared to the building of new pipelines [2,3]. Some European countries allow 

the blending of hydrogen and the blending limits vary significantly within countries as 

shown in Figure 1-1 with many countries aiming to increase these limits. 
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Figure 1-1 Current National Limitations on Hydrogen Blending in Gas Networks in 

Europe 

 

The percentage blend of natural gas across Europe is down to legislation and because these 

networks are connected, there is a growing importance to have uniform rules in this light. 

Most of the implemented or ongoing projects inject only a small amount of hydrogen into 

the natural gas grid (less than 2 %), but some projects have reached high blending rates (up 

to 20% [2], the projects only used non-steel pipeline materials. Table 1-1 summarises some 

of the hydrogen blending projects that are ongoing or have been conducted as in the 

literature. 
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Table 1-1 Summary of some hydrogen blending projects [2] 

Project  Country % 

blend  

Operating 

pressure 

Pipeline 

material or use 

Repurposing 

IRES [34] Italy <20 Variable Heat plant  Safe  

The Wind Gas 

Falkenhagen 

(E.ON) [35,36] 

Germany  Variable  Network  

Energinet's 

project [2] 

Denmark  12 Variable  Network  

HyNTS 

Hydrogen Flow 

Loop 

UK 30 Variable  Network Unsafe 

Jupiter 1000 France    Unspecified 

Gasunie [37,38] Netherlands 100 40 bar Adjusted 

network 

Safe 

Denmark [39] Denmark 100 Variable  Network Safe 

H21[2] UK 100 Variable    

Ameland [2] Netherlands <20 Variable  Non-steel Safe 

GRHYD [2,40] France <20 Variable  Non-steel Safe 

HyDeploy 

[41,42] 

UK 20 Variable  Non-steel Safe 

Gasnetz 

Hamburg 

Hamburg  < 30 Variable  heat plant Unsafe 

H2BER   Variable  filling station Useable  

Wind to Gas 

Energy 

Brunsbu¨ttel  Variable  filling station Useable  

The Wind Gas Hassfurt  Variable  Powerplant 

with NG 

Useable  

Hybrid Power 

Plant 

Enertrag  Variable  Powerplant 

with NG 

Useable  

 P2G Ibbenbüren 

demonstration 

plant (RWE) 

[36,43] 

Germany 100 Variable  Network Useable  

[44] USA 20 Variable  Network Safe  

 

The UK is also taking advantage of the emergent hydrogen technologies and the use of 

blended natural gas. For instance, it is committed to achieving a zero target for emissions 

by 2050 and part of this will be achieved by the use of blended natural gas [45]. At the 

moment, the economy heavily relies on fossil fuels and natural gas to meet the high 

demands for energy supply, although there has been significant progress in utilizing 

renewable energy sources such as wind and solar farms for electricity [45–48]. The UK 

government has tasked the HyDeploy project with effectively realizing its plan to meet 

NetZero targets by 2050 by replacing some of the fossils with hydrogen. Thus, to reduce 
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overdependence on fossil fuels and natural gas, it is expected that approximately 20% 

volume of hydrogen will be blended with natural gas for the economy. This blending aims 

to reduce the amount of excess hydrogen in the atmosphere, decrease the exploitation of 

natural gas, and promote a cleaner environment. For this initiative to be successful, it is 

crucial to determine if the existing network can transport and store the blended natural gas. 

It is against this backdrop that this research has set out to investigate the fatigue properties 

of steel, welded steel, cast iron, and brass when exposed to hydrogen gas. If there is no 

noticeable change in the fatigue properties of these materials used in the present network, 

it could significantly impact cost savings by avoiding the need to change existing boilers 

and pipe networks. However, if there are changes in the fatigue properties of these 

materials, engineers will need to design according to these new fatigue properties. With 

this in mind, this research aims to contribute to addressing the challenges of hydrogen 

embrittlement, which presents a potential hindrance to the application of the government's 

NetZero target in the HyDeploy project [42,49] and globally. 

This problem statement underscores the challenges impeding the adoption of blending 

hydrogen with natural gas, particularly in light of the UK government's pursuit of its net 

zero targets. These challenges span technical compatibility, safety concerns, economic 

barriers, and regulatory obstacles. Addressing these issues is crucial to fully realizing the 

benefits of hydrogen-natural gas blends in reducing emissions and advancing sustainability 

goals. To overcome these barriers and facilitate the effective integration of hydrogen 

blending into the energy sector, comprehensive research and collaborative efforts are 

necessary. This PhD aims to provide some of the technical knowledge needed to contribute 

to the reformulation of regulatory standards in the UK energy industry, thereby assisting in 

overcoming these challenges. 

1.2.2 Pipeline material behaviour in the vicinity of hydrogen 

Fatigue crack growth rates in a hydrogen environment can be influenced by a multitude of 

factors including temperature [50–52], presence of coatings on the metal surface, pressure 

of the hydrogen environment, hydrogen concentration, frequency of loading, 

microstructure of the material, and the presence of molecular defects such as voids, traps, 

and grain boundary defects [18,53,54]. Other factors such as material hardness, tensile and 

yield strength, residual stresses, crystal structure, stress rate during service and application, 

and heat treatment during manufacturing also play crucial roles. However, this section will 

review the existing literature only on studies in the mechanical properties of metals used in 
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a hydrogen environment. Specifically, it will focus on the materials employed in natural 

gas transmission pipelines that have undergone degradation over time due to usage. This 

review will encompass the current state of research and findings in this area. 

The feasibility of using existing pipelines despite defects in their material for transporting 

hydrogen through natural gas pipelines was investigated and subsequently confirmed 

[55,56]. By analysing surface defects, a reduction of the safety factor remains within the 

conventional value, indicating that the existing European natural gas pipeline can be used 

for transporting a mixture of natural gas and hydrogen. The impact of hydrogen 

embrittlement on the pipeline defects and material fracture toughness was established 

[57,58]. 

The nodal pressure of the pipeline increases with increased hydrogen doping rate in natural 

gas, thereby accelerating the expansion of pipeline cracks and ultimately leading to pipeline 

failure [59]. When the operating pressure of the pipeline network does not exceed 7 MPa 

and the hydrogen doping ratio remains below 5%, the pipelines carrying hydrogen-enriched 

natural gas do not pose a threat to the safe operation of the system. For carbon steel pipeline 

material, the fatigue life curve in 0.7 MPa hydrogen gas was equivalent to the fatigue life 

curve in the air. However, in 115 MPa hydrogen gas environment, the fatigue life was 

significantly degraded within a relatively short fatigue life regime [60]. Also, the associated 

risk of pipelines when transporting hydrogen-enriched natural gas through natural gas 

pipelines, along with the transfer risk of energy between natural gas and electricity has been 

assessed [61]. 

The influence of hydrogen gas on the fatigue crack growth (FCG) and fracture toughness 

of X80 welded metal show that when used in pipeline material in China, hydrogen 

increased the FCG rate of both the X80 base metal and weld metal [62–64]. Interestingly, 

the rate of hydrogen-induced FCG of the weld metal was smaller compared to that of the 

base metal [57]. Hydrogen significantly accelerated intermediate-rate (Stage II) crack 

growth, particularly at low-stress ratios, but this effect diminished as the stress ratio 

approached 0.5. Conversely, hydrogen prompted the premature initiation of accelerated 

(Stage III) crack growth [65]. Using this material to transport blended natural gas and 

analysing fatigue life, fracture strength, and material deterioration under varying hydrogen 

blending ratios (0%, 5%, 10%, 20%, and 50%) at an internal pressure of 12 MPa, 

assessments of the service capacity of high steel-grade pipes in hydrogen blending 
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environments was deemed crucial for determining optimal hydrogen blending ratios and 

their compatibility was inconclusive [66]. This then underscored the need for further 

exploration into the hydrogen damage mechanism through theoretical analysis, 

experimental research, and numerical simulation. Similarly, blending ratios impacted 

average flow velocities at leak points [67]. While assessing the potential barriers associated 

with hydrogen transport like material challenges in using parallel or unused pipelines,  the 

prospects for utilizing the existing gas network for hydrogen in Finland were less 

favourable due to factors such as limited network coverage, network location, and gas usage 

profiles [2]. 

While many studies suggested that blending up to 20% of hydrogen into the existing natural 

gas grid may not necessitate major modifications, the analysis highlighted the need to 

consider factors such as pressure range, maximum operation pressure, pipeline structure, 

and material variability [2]. It emphasized that careful evaluation of each pipeline is 

essential before repurposing, given variations in structure and materials. Conflicting 

findings in earlier studies regarding the limitations of hydrogen pipeline transport 

underscored the need for further research and experimentation to confirm hydrogen 

compatibility with pipelines and related assets in other parts of Europe.  

The recommendations summarised above inspire investigations into aspects specific to 

hydrogen blending in the UK, pipeline material compatibility, and safety considerations. 

The emphasis on the need for further research and experimentation underscores the 

importance of advancing knowledge in these areas to support the practical implementation 

of hydrogen transport solutions in the other parts of Europe and the UK inclusive. This PhD 

research’s outcome will provide some of the solutions to the challenges summarised above, 

which in particular are necessary for the safe design and execution of HyDeploy initiatives, 

by guiding decision-making processes and addressing challenges related to pipeline 

compatibility, material integrity, and safety. 

1.2.3 Gaps in the formalisation of hydrogen embrittlement in degraded metals in 

the gas network 

There is extensive research on hydrogen embrittlement of pipeline materials. However, 

there is limited data in the literature that accesses the varying parameters of pipeline 

material in the course of use over time. For instance, X52 pipeline steel has been 

extensively studied and is commonly recommended for hydrogen pipelines as it is a lower-

strength steel considered more resistant to hydrogen embrittlement. However, limited
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research exists on the hydrogen embrittlement behaviour of X52 steel specifically in a pure 

hydrogen environment under varying hydrogen charging times and pressures [22]. 

Therefore, there is currently a notable absence of research data in the literature focusing on 

the fatigue properties of ex-service X52 steel due to measured amounts of hydrogen 

exposure in a hydrogen environment. Most existing studies primarily address the hydrogen 

embrittlement of X52 pipeline materials and the degradation of X52 over time, but they 

neglect the examination of ex-service X52 steel materials exposed to hydrogen 

environments for specific durations. Moreover, available research in the UK has mainly 

focused on testing materials for fatigue properties in natural gas blended with 15% 

hydrogen [31], while Ref [5] confirms that 10%–12% hydrogen blend is safe to use. 

Similarly, ref [68] confirms that blends of approximately 17% should not pose any 

challenges. Therefore, conducting research on the fatigue properties of ex-service X52 steel 

subjected to hydrogen embrittlement from 20% hydrogen-blended natural gas for various 

durations in months will significantly contribute to expanding the existing literature in a 

further recommendation from ref [2]. This research will fill the gap in knowledge by 

providing valuable insights into the behaviour of ex-service materials under a 20% 

hydrogen blended natural gas environment. 

1.3 PhD research aims and objectives 

The novelty of this PhD research lies in the recognition that the mechanical properties of 

materials used in natural gas transmission degrade over time. This degradation coupled 

with exposure to a hydrogen environment leads to further deterioration due to hydrogen 

embrittlement. The primary aim of this research is to determine if the existing pipeline 

materials in the distribution network would safely contain hydrogen gas operating at 8bars. 

In particular, to quantify the changes in the fatigue properties of ex-service X52 steel, ex-

service X52 welded steel, ex-service grey cast iron, and ex-service brass resulting from 

both their degradation over time and exposure to a hydrogen environment. Investigating 

the fatigue properties will provide technical insights to stakeholders involved in the safe 

implementation of the HyDeploy project [42]. To comprehend these changes in fatigue 

properties, specimens are retrieved from ex-service pipeline materials exposed to a 

hydrogen environment and then tested for fatigue. To achieve this aim, the following 

objectives are required: 
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1) Characterise the mechanical properties of uncharged pipeline materials. Ex-service 

pipeline materials (X52, grey cast iron, and brass) will be obtained from the existing 

gas network. Subsequently, conduct tensile tests to characterize these specimens. 

2) Establish the endurance limit of extracted pipeline materials after 2 million cycles 

to determine the baseline or reference point. 

3) Expose these materials to a hydrogen environment for varying durations, ranging 

from several months to allow for significant amounts of hydrogen diffusion into the 

materials and then investigate their mechanical properties. The hydrogen 

environment will be created using hydrogen-pressurized tubes maintained at room 

temperature. 

4) Characterise the fatigue properties of hydrogen-charged materials based on their 

length of exposure times to a hydrogen environment. This is necessary to compare 

with the baseline results obtained from uncharged materials after 2 million cycles. 

5) Use parametric statistical approaches to assess statistical significance. This 

statistical test will be used to determine if the observed changes in the fatigue 

properties of these materials are statistically significant, using a predetermined 

significance level of 95%. 

Meeting the above objectives will assist in formulating an answer to the research question, 

which seeks to find out if it is safe to use the existing pipeline network to distribute blended 

natural gas. 

Therefore, in conclusion, the fatigue properties of these ex-service pipeline materials, when 

charged with hydrogen, and compared with uncharged data using statistical methods to 

detect any changes in endurance limits based on a predefined level of confidence. If the 

analysis reveals significant differences in the fatigue properties, these will be compared 

against the current design procedures used in the network. If the differences fall within the 

conservative limits of the network's design code, it would be concluded that, although there 

is a noticeable change in the fatigue properties of these materials when exposed to a 

hydrogen environment, the change is not significant enough to compromise safety in the 

current network. However, if the differences exceed these conservative limits, it would be 

deemed unsafe to blend natural gas with 20% hydrogen and use the existing network for 

distribution.
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1.4 Thesis Outline 

The research work presented in this thesis is structured as follows:  

Chapter 2 provides a detailed review of available information on the static and fatigue 

behaviour of metals. This chapter offers a quick overview of theories used in fatigue 

assessments and delves into the theoretical formulation of bodies under dynamic loading. 

Additionally, the chapter outlines the fundamental aspects of stress-based approaches, 

which constitute the core of this research. It is demonstrated in this chapter that fatigue 

assessment can be approached in various ways, with the stress-based approach being the 

most straightforward and widely used method for measuring fatigue or endurance limits. 

Chapter 3 reviews the literature to gain an understanding of the hydrogen embrittlement 

phenomenon. It must be emphasized that this research did not study hydrogen 

embrittlement mechanisms; rather, it is reviewed solely for completeness purposes. This 

review is limited to factors affecting hydrogen embrittlement rates and its transmission 

mechanisms in metals. 

Chapter 4 elaborates on the methodology employed to determine the fatigue properties 

from the generated fatigue data. This involves a detailed comparison of standard 

approaches such as the methods suggested by the ASTM, IIW, and LRM for determining 

fatigue curves. Additionally, practical approaches found in the literature are explained, 

along with reasons for their exclusion from this PhD research are summarised. The chapter 

highlights that the approach recommended by ASTM is highly conservative and suitable 

for critical design considerations. Conversely, the IIW method is deemed the least 

conservative and is recommended for less critical design considerations. The LRM is 

identified as the simplest method to use, requiring the least number of fatigue sample sets. 

This helps in deciding the experimental protocols as well as the desired quantities needed 

to complete the fatigue analysis. 

 In addition, focuses on the statistical significance methods applied to fatigue datasets to 

discern whether differences observed in these datasets are meaningful. The chapter 

specifically examines whether discrepancies are attributable to error or chance, or if they 

are linked to alterations in the mechanical properties of the materials or loading 

configurations. By employing notches of varying sizes, the study demonstrates the 

possibility of detecting changes in fatigue properties solely through statistical analysis, 

without requiring an in-depth understanding of the geometry. This approach enables the 
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determination of whether observed changes in fatigue properties of the materials under 

investigation are significant, occurring by chance or due to alterations in mechanical 

properties resulting from degradation and hydrogen embrittlement. 

Chapter 5 provides a comprehensive summary of the experimental protocols employed 

throughout the research. It outlines the methods used for sourcing materials, details the 

hydrogen soaking process for different durations in months from the soaking lab to the 

testing lab and also measures the recommended quantities that will be used to generate the 

fatigue data. The results generated are reported in this chapter. Additionally, this chapter 

also includes a thorough description of the experimental procedure and reports the fatigue 

results obtained from notched specimens. These data sets from notches were used to 

illustrate and validate the statistical tests used for assessing the significance of fatigue 

curves due to any observed differences.  

Chapter 6 delves into the analysis of results obtained from hydrogen-charged specimens. 

The fatigue outcomes derived from each metal are compared with existing data from the 

literature. Moreover, statistical significance tests are conducted on the datasets for each 

metal. The chapter also compares the fatigue properties obtained for various charging 

durations with those of uncharged specimens. The findings reveal that statistical 

insignificance is observed up to a certain level of significance. 

Chapter 7 encompasses the discussion and analysis of the observed changes in the fatigue 

datasets and their implications for the industry. It explores practical approaches and 

considers the effects of making certain considerations about specimens based on observed 

testing outcomes. Additionally, the chapter provides an overall conclusion on the 

significance of the differences observed in the fatigue datasets from hydrogen specimens. 

Chapter 8 summarizes the conclusions drawn from this research and suggests. This chapter 

also aims to continue contributing significantly to the ongoing discourse surrounding 

pipeline integrity management and structural resilience in the face of hydrogen 

embrittlement in green energy projects. 

1.5 Journal Publications 

From the research presented in this thesis, the following papers have been published or 

submitted for publication: 
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1) E. Kufoin, L. Susmel, Quantitative review of probabilistic approaches to fatigue design in 

the medium cycle fatigue regime, Probabilistic Eng. Mech. (2024) 103589. 

https://doi.org/10.1016/j.probengmech.2024.103589. 

2) E.N. Kufoin, L. Susmel, On the parametric assessment of fatigue disparities, Probabilistic 

Eng. Mech. 77 (2024) 103651. https://doi.org/10.1016/j.probengmech.2024.103651. 

 

https://doi.org/10.1016/j.probengmech.2024.103589
https://doi.org/10.1016/j.probengmech.2024.103651
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Fatigue Assessment 

of Engineering 
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2 Fatigue Assessment of Engineering Materials 

 

 

2.1 Introduction  

The purpose of this chapter is to review the technical literature on the fundamental concepts 

essential for exploring the mechanical properties of metals. This includes continuum 

mechanics which is the foundational discipline in engineering that underpins many aspects 

of materials science. Continuum mechanics governs the behaviour of materials under 

various loading conditions, involving topics such as stress, strain, and deformation, 

providing a solid framework for comprehending subsequent discussions on linear and 

fracture mechanics. Building upon the concepts established in continuum mechanics, linear 

mechanics forms the basis for analysing the response of materials to external forces within 

the elastic regime. This progresses into fracture mechanics, which concerns understanding 

the behaviour of materials when subjected to mechanical loading beyond the elastic limit, 

leading to crack propagation and ultimately failure. Parameters such as stress intensity 

factor and fracture toughness are explored, which are pivotal for predicting the behaviour 

of materials in relation to fracture under varying load conditions. This is followed by an 
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exploration of the realm of fatigue, a persistent mode of material failure characterized by 

the propagation of cracks under cyclic loading. Through an in-depth exploration of the 

fatigue mechanisms, the factors influencing fatigue life and the methodologies employed 

in fatigue analysis are examined. 

2.2 Introduction to Continuum Mechanics. 

Before delving into the central focus of this research, it is imperative to establish a solid 

foundation by exploring the fundamental aspects essential for evaluating mechanical 

components against fatigue. This entails a comprehensive understanding of stress quantities 

and their application conditions, as well as an examination of the diverse effects exerted by 

these stress factors. Additionally, it involves familiarizing oneself with the analytical tools 

required to conduct thorough stress analyses, laying the groundwork for subsequent 

investigations into fatigue behaviour. 

Assessing mechanical components for fatigue resistance is a critical aspect of the design 

process to prevent catastrophic failures. When materials are subjected to varying loads over 

time, fatigue failure can occur even without significant plastic deformation, especially in 

medium to high-cycle fatigue scenarios. The complex geometries of mechanical assemblies 

often lead to stress concentration and fatigue crack initiation. Designing components with 

larger notch root radii is ideal to mitigate stress concentration effects, although this is not 

always feasible. Safe engineering methods are necessary to address the impact of geometric 

features on fatigue resistance. Regardless of the approach used for fatigue assessment, 

identifying the weakest points in components is crucial. This involves determining stress 

and strain states using classical continuum mechanics. These states are then recalculated in 

terms of amplitudes, mean stresses, and ranges to accurately estimate fatigue damage. This 

chapter aims to review common procedures for determining these quantities.  

2.2.1 Stress state under external loading 

Consider a state where a body is subjected to loading from an external system of forces as 

shown in Figure 2-1. Within this context, the body is subjected to specific boundary 

conditions that define its interaction with its surroundings. These boundary conditions 

allow for the identification of singular points within the body, which serve as focal points 

for analysing the stress state at those locations. By precisely defining a reference frame, the 

stress state experienced by these points can be accurately described. To illustrate this 
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concept, examine a practical example of a body subjected to a system of external forces as 

shown below: 

 

Figure 2-1 Body subjected to an external system of forces and frame of reference at 

point O. 

To have a 3-dimensional state of stress, consider an internal point O, which serves as the 

origin for convenience, the stress state can then be comprehensively defined by the stress 

tensor: 

 [𝜎] = [

𝜎𝑥 𝜏𝑥𝑦 𝜏𝑥𝑧

𝜏𝑥𝑦 𝜎𝑦 𝜏𝑦𝑧

𝜏𝑥𝑧 𝜏𝑦𝑧 𝜎𝑧

]           (2-1) 

where 𝜎𝑥, 𝜎𝑦 and 𝜎𝑧are the normal stress components, while 𝜏𝑥𝑦, 𝜏𝑥𝑧 and 𝜏𝑦𝑧 are the shear 

stress components. The stress state varies from point to point within the material, meaning 

that at any given location, the numerical values of the normal and shear stress components 

fluctuate with alterations in the orientation of the frame of reference. Under this 

schematisation, there exists a frame of reference with principal axes such that the shear 

stress components are always equal to zero. The stress tensor above reduces to:  

 [𝜎] = [
𝜎1 0 0
0 𝜎2 0
0 0 𝜎3

]            (2-2) 

In which 𝜎1, 𝜎2 and 𝜎3 become the principal stresses such that 𝜎1 ≥ 𝜎2 ≥ 𝜎3. These stress 

components can be determined by calculated by using Eigen values. By assuming a unit 

vector �⃗� (𝑛1, 𝑛2, 𝑛3) defining the orientation of a principal direction such that: 

 ([𝜎] − 𝜎𝑛)[�⃗� ] = 0       (2-3) 

Where 𝜎𝑛 is the eigenvalues and becomes the principal stress parallel to �⃗� (𝑛1, 𝑛2, 𝑛3) and 

the Eigen vectors determine the orientation of the principal directions. These principal 

stress can then be calculated by imposing the condition that the determinant of the stress 

matrix is equal to zero as: 
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 [

(𝜎1 − 𝜎𝑛) 𝜏12 𝜏13

𝜏12 (𝜎2 − 𝜎𝑛) 𝜏23

𝜏13 𝜏23 (𝜎3 − 𝜎𝑛)
] [

𝑛1

𝑛2

𝑛3

] = [
0
0
0
]     (2-4) 

 
𝜎𝑛

3 − (𝜎1 + 𝜎2 + 𝜎3) − [(𝜎1
2 + 𝜎2

2 + 𝜎3
2) − (𝜎1𝜎2 + 𝜎1𝜎3 +

𝜎2𝜎3]𝜎𝑛 − 𝑑𝑒𝑡[𝜎] = 0  
  (2-5) 

The solution to the above equation produces the Eigen values 𝜎𝑛 and their corresponding 

Eigen vectors 𝜎1, 𝜎2 and  𝜎3.  

2.2.2 Introduction to Mohr’s Circle 

Mohr's circle illustrates the transformation equations for plane stress problems in a 

graphical format. It serves as a valuable tool for visually showing the interrelations between 

normal and shear stresses exerted on a stress element at any given orientation. Consider 

that the body in Figure 2-1 was acting upon by both normal and shear stresses. Mohr’s 

Circle can be used to determine the maximum normal and shear stress on this body. 

Suppose that point O is subjected to plane stress. Consider also that the z-axis is the 

principal axes because it is experiencing no shear stress. it is possible to fully describe the 

stress state relative to any material plane perpendicular to plane x-y. By drawing the points 

A(𝜎𝑥 , 𝜏𝑥𝑦 ) and B(𝜎𝑦 , −𝜏𝑥𝑦 ) on an 𝜎 − 𝜏 coordinate axes, the stress state in terms of 

normal and shear stresses for the body passing through point O is then described to be the 

cycle having a diameter equal to the line segment A-B. The centre of such a circumference 

has coordinates defined as [1,2]; 

 𝐶 = (
𝜎𝑥 + 𝜎𝑦

2
, 0)          (2-6) 

Such a circle is illustrated in Figure 2-2 and has a radius also defined as  

 𝑅𝐶 = √(
𝜎𝑥 − 𝜎𝑦

2
)
2

+ 𝜏𝑥𝑦
2           (2-7) 
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a) 

 

b) 

Figure 2-2 a) Resulting Mohr’s circle from an elementary loaded body b) Orientation of 

the plane experiencing the maximum shear stress 𝜏𝑚𝑎𝑥, 

 

The correlation between angles in Mohr's representation and those in the conventional 

representation is 𝜃 = 𝛼
2⁄ . Mohr's circle facilitates the determination of the stress state 

concerning any plane parallel to axis z and passing through point O, providing a 

straightforward means to identify the maximum shear stress 𝜏𝑚𝑎𝑥, as equal to 𝑅𝐶 (see 

Figure 2-2b) and the stress perpendicular to such a plane is equal to 𝜎𝐶 =
𝜎𝑥+𝜎𝑦

2
. Therefore, 

the principal stresses 𝜎1 and 𝜎2 can be calculated as follows: 

 𝜎1 = 𝜎𝐶 + √(
𝜎𝑥 − 𝜎𝑦

2
)
2

+ 𝜏𝑥𝑦
2 

          (2-8) 

 𝜎2 = 𝜎𝐶 − √(
𝜎𝑥 − 𝜎𝑦

2
)
2

+ 𝜏𝑥𝑦
2 

In general, the normal stress 𝜎𝑛(𝜙), and the shear stress 𝜏𝑛(𝜙), pertaining to a generic 

material plane perpendicular to the component's surface, with a normal unit vector �⃗�  

positioned at an angle 𝜙 to axis x, can be computed as follows [1] 

 𝜎𝑛(𝜙) =
𝜎𝑥 + 𝜎𝑦

2
+

𝜎𝑥 − 𝜎𝑦

2
cos(2𝜙) + 𝜏𝑥𝑦 sin(2𝜙) 

              (2-9) 

 𝜏𝑛(𝜙) =
𝜎𝑥 − 𝜎𝑦

2
sin(2𝜙) − 𝜏𝑥𝑦 cos(2𝜙) 

2.2.3 Uniaxial Loading Paths 

Suppose the system of forces acting on the body is unidirectional over time. A uniaxial 

stress distribution tensor is defined in this case as: 
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  [𝜎] = [
𝜎𝑥 0 0
0 0 0
0 0 0

]         (2-10) 

In this scenario, the stress function exhibits a time-dependent profile. The unidirectional 

stress 𝜎𝑥 can thus be approximated in the following form: 

 𝜎𝑥 = 𝜎𝑥,𝑚 + 𝜎𝑥,𝑎 sin(𝜔 − 𝑡)   (2-11) 

Where 𝜔 is the angular velocity, 𝑡 is the time, 𝜎𝑥,𝑚 is the mean value of the stress and 𝜎𝑥,𝑎 

the mean amplitude of the stress. It turns out that 𝜎𝑥 attends a maximum value at some 

point and a minimum value at another point since by this definition the applied stress is 

cyclic. In this case 𝜎𝑥,𝑚𝑎𝑥 and 𝜎𝑥,𝑚𝑖𝑛 are defined as:  

 
𝜎𝑥,𝑚𝑎𝑥 = 𝜎𝑥,𝑚 + 𝜎𝑥,𝑎 

𝜎𝑥,𝑚𝑎𝑥 = 𝜎𝑥,𝑚 − 𝜎𝑥,𝑎 
         (2-12) 

Consequently, it becomes feasible to define a stress range that characterizes the applied 

stress acting on the body. This stress range ∆𝜎𝑥and stress amplitude 𝜎𝑥,𝑎 are therefore 

defined as: 

 

∆𝜎𝑥 = 𝜎𝑥,𝑚𝑎𝑥 − 𝜎𝑥,𝑚𝑖𝑛 = 2𝜎𝑥,𝑎 

𝜎𝑥,𝑎 =
∆𝜎𝑥

2⁄  
         (2-13) 

The stress profile representing the unidirectional loading in the x-direction for example is 

represented as:  

 

Figure 2-3 Fluctuating stress profile over time in the x-direction (unidirectional) 

It is the stress range ∆𝜎𝑥,𝑎 rather than the maximum stress 𝜎𝑥,𝑚𝑎𝑥 that drives fatigue 

damage. The stress amplitude 𝜎𝑥,𝑎 and the mean stress 𝜎𝑥,𝑚 are the important parameters 

in fatigue life analyses and 𝜎𝑥,𝑚 is estimated by the equation: 
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 𝜎𝑥,𝑚 =
𝜎𝑥,𝑚𝑎𝑥 + 𝜎𝑥,𝑚𝑖𝑛

2
         (2-14) 

The diagram provided above outlines a uniaxial loading sequence in the x-direction. 

However, real-world structural components typically endure a combination of loading 

stresses from multiple directions, known as multiaxial loading. Each stress loading 

direction has its distinct profile, and analysing the cumulative effect of these loadings is 

important. 

2.2.4 Stress ratio (𝑹) 

The load ratio 𝑅, quantifies the relationship between the alternating stress and the mean 

stress on a body. It is calculated as the ratio of the minimum stress to the maximum stress 

in the load sequence. 

 𝑅 =
𝜎𝑥,𝑚𝑖𝑛

𝜎𝑥,𝑚𝑎𝑥
          (2-15) 

It helps in determining the severity of the cyclic loading and can significantly affect the 

fatigue life and behaviour of materials. Typically, the load ratio R can take on many values 

as illustrated in the figure below. 

 

Figure 2-4 Definition of stress quantities used to predict fatigue damage under 

uniaxial loading 

2.2.5 Stress concentration factor, 𝑲𝒇 

Mechanical components exhibit a range of geometric features that lead to stress 

concentration. These occurrences demand constant consideration during the design phase 

because of their adverse impact on material fatigue strength. The challenge of incorporating 

stress raiser influences is extensive and will be explored further in subsequent research 
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endeavours. This PhD study offers only a concise overview of the stress concentration 

factor as explained in Ref [1,3]. 

 

a) 

 

b) 

Figure 2-5 Definition of net and gross nominal stress, and linear-elastic peak 

stress at the tip of a notch 

To accurately define the stress concentration factor Kf, consider a U-notched plate under 

tension. Due to the plate's geometric feature, the maximum linear-elastic principal stress 𝜎1 

gradually decreases along the bisector from the notch's apex to the mid-section of the 

specimen itself (see Figure 2-5b) [1,4,5]. If the width of the sample is sufficiently large, the 

stress field tends towards its nominal net value. However, at the notch's tip, the maximum 

principal stress reaches its peak value, denoted as 𝜎𝑒𝑝. These stress quantities allow the 

stress concentration factor Kf to be defined as follows [1,6]: 

 𝐾𝑡,𝑛𝑒𝑡 =
𝜎𝑒𝑝

𝜎𝑛𝑒𝑡
          (2-16) 

 𝐾𝑡,𝑔𝑟𝑜𝑠𝑠 =
𝜎𝑒𝑝

𝜎𝑔𝑟𝑜𝑠𝑠
          (2-17) 

The stress parameter  Kf is commonly employed in notch fatigue problems. Its values, for 

a specific loading configuration, depend solely on the shape of the component being 

evaluated and are independent of its absolute dimensions [3]. 

When linear-elastic materials are weakened by sharp geometrical discontinuities (such as 

cracks), the stress analysis problem becomes much more complex, because the linear-

elastic stress fields in the vicinity of the stress raiser apices become singular, resulting in 
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values of the peak stress tending to infinity. Before addressing this, it is good to briefly 

explain how these discontinuities can be loaded into a material. 

2.2.6 Introduction to Notches 

In mechanical engineering and materials science, a notch refers to a deliberate defect 

introduced into a flat material. When a notch is present, it creates a stress concentration in 

the material. This means that the stress distribution is amplified at the location of the notch, 

potentially resulting in the initiation and propagation of cracks [2,5,7]. In fracture 

mechanics, notches play a crucial role in determining properties related to fracture 

toughness and fatigue crack growth rates [8]. Notch geometries can vary and come in 

different shapes, such as V-shaped, U-shaped, or semi-circular [9], as illustrated below. 

Unlike notches, cracks are treated as sharp notches with zero root radius. 

 

Figure 2-6 Notch geometries and crack 

Defects such as notches or cracks are unavoidable in engineering components due to design 

specifications and damage incurred during service. For a component with a surface notch, 

the maximum elastic notch stress 𝜎𝑒𝑓𝑓 can be determined by the product of a nominal stress 

(𝜎) and the elastic stress concentration factor 𝐾𝑡 as [7,10,11]: 

 𝜎𝑒𝑓𝑓 = 𝐾𝑡𝜎          (2-18) 

The elastic stress concentration factor depends on both the notch geometry and the type of 

loading [12]. In situations where the component geometry and loading conditions are 

straightforward, and the nominal stress can be readily determined, elastic stress 

concentration factors are established using methods like Peterson’s stress concentrators 

[6,13]. However, for more complex geometries and loading scenarios, numerical models 

such as finite element analyses are employed. Nonetheless, the stresses and strains at the 
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notch are governed by the material behaviour of the net section [8], which means that the 

nominal stress used to determine 𝐾𝑡 is derived from an engineering stress formula based on 

basic elasticity theory and the net section properties, without accounting for the presence 

of the notch. How a material behaves near these stress raisers is also governed by the nature 

of the external loads. 

2.2.7 Loading modes of stress raisers in engineering materials 

In the field of engineering materials, understanding loading modes is essential for analysing 

how structures and materials respond to external forces in the presence of cracks or stress 

raisers. There are three different kinds of loading profiles: Mode I (opening mode), Mode 

II (shearing mode) and Mode III (tearing mode) [1,5,14]. Mode I occurs when a tensile 

force is applied perpendicular to a crack. It’s the most common and leads to significant 

damage. Imagine pulling a piece of paper apart along a straight line. The shear component 

is negligible. In Mode II loading, shearing of the crack faces happens due to in-plane shear 

stresses. It influences crack growth direction, minimizing further Mode II loading while 

maximizing Mode I. The shear component is significant in the plane. Mode III results from 

out-of-plane shear stresses. It’s less frequent than Modes I and II. The dominant shear 

component is out-of-plane. These various modes are illustrated in the figure below. 

   

Figure 2-7 Definition of the three fundamental loading modes [5] 

2.2.8 Stress analysis at a crack tip 

Returning to the linear-elastic stress distributions near the stress concentrator, let's now 

examine a plate subjected to tensile loading and featuring a central through crack. The 

width, w, of the plate is initially assumed to be much larger than the crack length, 2a as 

shown in Figure 2-8. 
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Figure 2-8 Central through crack in a plate loaded in tension 

According to Irwin, the linear-elastic stress field damaging the material in the vicinity of 

the above crack tip in Mode I loading can be described by using the following well-known 

relationships [1,5]: 

 𝜎𝑥 =
𝐾𝐼

√2𝜋𝑟
cos

𝜃

2
[1 − sin

𝜃

2
sin

3𝜃

2
]         (2-19) 

 𝜎𝑦 =
𝐾𝐼

√2𝜋𝑟
cos

𝜃

2
[1 + sin

𝜃

2
sin

3𝜃

2
]         (2-20) 

 𝜏𝑥𝑦 =
𝐾𝐼

√2𝜋𝑟
sin

𝜃

2
cos

𝜃

2
cos

3𝜃

2
         (2-21) 

The stress components 𝜎𝑥, 𝜎𝑦 and 𝜏𝑥𝑦 in Equations        (2-19) to         (2-21) are calculated 

with respect to the frame of reference as defined in Figure 2-8, with 𝐾𝐼 being the stress 

intensity factor (SIF). These equations can always be used to determine the linear elastic 

fields in any cracked body provided that the body is subjected to Mode I loading. The 

distance 𝑟 from the crack tip is lower than 𝑎/10. 

Stress intensity factors 𝐾𝐼 play a pivotal role in evaluating real cracked components under 

both static and fatigue loading conditions [9,15]. The magnitude of these factors varies 

based on the particular geometry and load configuration of the problem at hand. For 

example, consider the stress intensity factor for a flat cracked specimen in Figure 2-8 is 

estimated as:
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 𝐾𝐼 = 𝜎𝑔𝑟𝑜𝑠𝑠√𝜋𝑎          (2-22) 

If the length of the crack cannot be considered small compared to the width of the plate, 

the actual geometry's influence must be directly incorporated using a shape factor denoted 

as F [1]. Taking this shape factor into account, the aforementioned equation can be 

expressed as: 

 𝐾𝐼 = 𝐹𝜎𝑔𝑟𝑜𝑠𝑠√𝜋𝑎          (2-23) 

 𝐹 = √
𝑤

𝜋𝑎
tan (

𝜋𝑎

𝑤
)          (2-24) 

Apart for the case of a central through-crack in an infinitely sized plate under tension, 

typically the shape factor F exceeds unity. Its value is specific to a given geometrical 

configuration and is influenced not only by the shape of the component in question, but 

also by the applied loading type and other relevant factors. Both 𝐾𝐼 and 𝐹 factors can be 

determined using numerical or analytical methods. Alternatively, values for these factors 

can be obtained from various handbooks, which compile data for commonly encountered 

scenarios in practical engineering applications. 

2.3 Brief review of linear and fracture mechanics in engineering materials 

Metals are the backbone of many industrial applications and they derive their mechanical 

properties from the intricate arrangement of atoms within their crystalline structure. Each 

metal is composed of countless grains or crystals, wherein atoms are meticulously packed 

to minimize potential energy. However, these crystalline structures are not flawless as they 

contain various defects otherwise known as dislocations being the most prominent. 

Dislocations can be visualized as extra half-planes of atoms that disrupt the uniformity of 

atomic distribution within a crystal lattice. When subjected to stress or strain, dislocations 

within grains can move along designated paths known as easy glide planes, driven by 

shearing forces acting along the easy glide directions. This movement of dislocations 

enables metals to deform plastically, a crucial characteristic for their practical utility. 

Moreover, there exist two distinct types of dislocations: edge and screw dislocations, each 

exhibiting unique motion patterns under applied stress. Understanding the behaviour of 

dislocations is pivotal in understanding stress concentrators and crack initiation in metallic 

materials. 
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2.3.1 Fracture toughness 

It is also important to mention fracture toughness and its significance in fracture mechanics, 

especially regarding fatigue. Fracture toughness characterizes the resistance to crack 

propagation under applied stress, and it quantifies a material's ability to withstand the 

growth of existing flaws or cracks without catastrophic failure [16,17]. It is a function of 

the loading mode, the chemical environment, the material microstructure, the test 

temperature, the strain rate, and the state of the stress [2]. Essentially, it measures the energy 

required to propagate a crack through the material, typically represented by the critical 

stress intensity factor. The fracture toughness value indicates the material's ability to resist 

brittle fracture and is crucial for evaluating the structural integrity and safety of engineering 

components, particularly in applications where the presence of flaws or cracks is possible. 

For example, consider a linear elastic isotropic body subjected to Mode I uniaxial loading, 

with a sharp crack through its thickness, as depicted in Figure 2-8 above. In this case, 𝜎𝑥 =

𝜏𝑥𝑦 = 𝜏𝑦𝑧 = 0 and the fracture toughness in Mode I loading 𝐾𝐼𝑐 becomes the critical value 

of the stress intensity factor wherein a crack extends rapidly without an increase in the 

applied loading. That is, 

 𝐾𝐼𝑐 = 𝜎𝑐√𝜋𝑎𝑐𝑓 (
𝑎𝑐

𝑤
)          (2-25) 

in which 𝑎𝑐 is the critical length of the crack and 𝜎𝑐 is the applied nominal stress at this 

critical point. 𝑓 (
𝑎𝑐

𝑤
) is a function of the material, strain rate, thickness and to a lesser extent 

the crack length of the crack for which the fracture toughness is dependent upon [1,18]. 

The corresponding fracture toughness in Mode II and Mode III are 𝐾𝐼𝐼𝑐 and 𝐾𝐼𝐼𝐼𝑐 

respectively. 

2.3.2 Crack initiation 

Consider now a single crystal subjected to an external uniaxial cyclic loading shown in 

Figure 2-9. By assuming that only one specific glide plane is active within the crystal, 

dislocations can move under the cyclic shearing forces applied to that plane [1,5,17,19]. 

This movement leads to the formation of thin layers known as Persistent Slip Bands (PSBs), 

causing the grain's profile to become irregular with alternating extrusions and deep 

intrusions. The presence of PSBs creates areas of localised stress concentration, triggering 

the initiation of micro-cracks within the fatigued crystal [2,19]. These cracks typically 

originate at the deepest intrusions or the interface between the matrix and PSBs. Once 
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initiated, the micro-cracks propagate within the grain due to plastic deformation occurring 

within the slip bands. This deformation is a result of the cyclic shearing forces acting on 

the active glide planes and aligning with the corresponding directions. These forces can be 

quantified in terms of either microscopic shear strains or microscopic shear stresses. 

 

Figure 2-9 PSB in a single crystal subjected to an external cyclic load and a potential 

micro-crack initiation site 

The scenario shown above simplifies the structure of a single grain by assuming that it has 

only one glide plane. However, in reality, grains exhibit multiple easy glide planes and 

directions with various orientations. When subjected to microscopic shearing loadings, 

both edge and screw dislocations can cross intersecting glide planes, impeding each other's 

movement. Considering the multitude of these processes simultaneously occurring within 

a real grain under external cyclic loading, modelling the formation of PSBs and subsequent 

micro-crack initiation becomes significantly more complex. Nonetheless, the process of 

micro-crack formation follows the simple pattern as described above. 

Crack initiation in structural and equipment components typically arises in areas of stress 

concentrations, such as notches, due to fluctuations in stress levels. At the tip of a notch in 

a component subjected to cyclic loading, the material experiences the highest stress range. 

Consequently, this region is highly prone to fatigue damage and commonly serves as the 

point of origin for crack initiation. More on this type will be reviewed under the fatigue 

crack initiation section.  
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2.3.3 Crack propagation 

Single crystals form only under specific conditions while the typical solid form of a 

material is polycrystalline and composed of numerous crystals. The properties of a 

polycrystal differ notably from those of a single crystal [20,21]. The individual crystallites 

making up the polycrystal are often termed grains, and the interfaces between these grains 

are referred to as grain boundaries. Real metallic materials consist of numerous grains that 

are interconnected at grain boundaries, distorting the crystal structure [22]. These grains 

within polycrystals possess diverse orientations [1,23]. While conventional metallic 

materials may appear homogenous and isotropic at a macroscopic level, their behaviour at 

a microscopic scale is significantly influenced by factors such as material morphology and 

the presence of hard inclusions like grain boundaries, non-metallic particles, [17],  

precipitates, and defects. 

By analysing a polycrystal subjected to external forces, determining the macroscopic stress 

tensor at any material point and instant of the load history is straightforward according to 

continuum mechanics principles if homogeneity and isotropy are assumed at a macroscopic 

scale. However, calculating the microscopic stress and strain states responsible for the 

formation of PSBs is considerably more complex. This complexity arises from the 

dependency of normal and shear stress and strain components on various factors, including 

the mechanical properties of individual crystals, grain orientations, and the presence of 

grain boundaries and hard inclusions. In the calculation of microscopic stress and strain, 

the mesoscopic approach, pioneered by Dang Van and formalized by Papadopoulos, is 

valuable. This approach asserts that under macroscopic elastic deformations and when only 

one easy glide plane is active within a grain, normal micro-stresses (𝜇𝜎) are equivalent to 

their macroscopic counterparts, while microscopic shear stresses (𝜇𝜏) are proportional to 

those calculated using continuum mechanics concepts. This is illustrated in Figure 2-10 

below. 

Now, consider a polycrystal experiencing external uniaxial fatigue loading, as the cyclic 

force is applied, a micro-crack initiates within the material after a certain number of loading 

cycles, marking the initiation phase. Following this, the crack gradually extends in length 

under the ongoing fatigue loading, constituting the propagation phase. Eventually, when 

the maximum force exerted during the loading cycle surpasses the material's ultimate 

tensile strength at a localized point, the polycrystal undergoes quasi-static fast fracture, 

resulting in its final breakage.  
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Figure 2-10 Polycrystal subjected to an external system of forces and the existing 

relationship between macro- and micro-stress components according to the 

mesoscopic approach. 

It has been observed through investigations found in the literature that a general pattern in 

micro/meso-crack propagation exists, which can be divided into two distinct stages Stage I 

and Stage II [18,24]. In Stage I, cracks develop along crystallographic planes of maximum 

shear, primarily influenced by Mode II. In Stage II, these cracks transition from Stage I and 

tend to align themselves to experience maximum Mode I loading (see Figure 2-11). 

Specifically, Stage I growth is dictated by microscopic shear stress/strain on planes of 

maximum shear, as well as by the material's morphology and the magnitude of applied 

loading. Typically, Stage I micro/meso-cracks extend only a few grains in length [25]. 

According to Ref. [26], Stage II propagation occurs due to plastic de-cohesion on the planes 

of maximum shear strain gradient at the crack tip. Additionally, it is noted that the same 

mechanism is operative also in Stage I growth, but de-cohesion occurs on only one of the 

available shear planes. 

 

Figure 2-11 Stage I and Stage II crack in a polycrystal subjected to uniaxial loading 

Typically, fatigue cracks initiate at the surface of fatigued components, unless localized 

stress concentration phenomena exist within the material due to defects or hard inclusions 
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[2,14,25]. Fatigue is primarily understood as a propagation phenomenon [26,27]. The 

majority of a conventional metallic specimen's fatigue life is spent propagating cracks 

rather than initiating them. At room temperature, crack propagation in metals mainly occurs 

in a trans-crystalline mode, as highlighted in Ref. [25], with microstructural barriers like 

grain boundaries playing a crucial role, especially in the initial growth phase. The presence 

of high stresses or stress concentration phenomena due to macroscopic geometrical features 

reduces the length of Stage I cracks, which are nonetheless always present. In Ref [28], 

experiments were conducted on specimens with stress concentration factors ranging from 

3.8 to 25 and found that Stage I cracks are consistently present, even in sharply notched 

specimens. However, their orientation primarily depends on the crystallographic features 

of the grains near the stress concentrator tips. 

2.4 Overview of weld technology in the pipeline 

A weld is a joint created by fusing two or more pieces of metal using heat, pressure, or 

both. This process can involve melting the base materials and adding a filler material to 

form a strong bond upon cooling. The mechanical properties of a weld are therefore 

influenced by several factors, including the welding process and parameters such as the 

type of welding method used, heat input, welding speed, and the type and purity of 

shielding gases. The first challenge in designing welded connections for fatigue resistance 

is selecting the most appropriate stress analysis method to calculate a stress value that can 

efficiently estimate fatigue strength [1]. The simplest method for performing this fatigue 

assessment is to use nominal stresses, where fatigue strength is directly estimated from the 

specific S–N curve provided in standard codes for the type of welded detail being 

considered. 

The welding method used in natural gas pipelines is crucial in determining the performance 

of the welds. The formation of weld appearance, potential cracks, and defects during the 

welding process can greatly impact how hydrogen atoms diffuse and redistribute within the 

microstructure [29,30]. This results in a deterioration of the weld's mechanical properties 

and changes in its microstructure. Consequently, it is essential to study both the welding 

methods and weld morphology in natural gas pipelines to understand how these methods 

influence weld structure and performance. Pipeline welding is typically carried out using 

one of several arc welding processes [31], and the American Petroleum Institute (API) 1104 

Standard also outlines suitable welding techniques for carbon and low-alloy steel pipes 

used in natural gas distributions. These include arc welding methods for butt, fillet, or 
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socket welds, utilizing manual, automated, semi-automated, or combined processes 

[31,32]. The welding is usually circumferential between the connecting pipes [30]. Failures 

are uncommon in longitudinal and spiral welds formed during manufacturing, with most 

issues arising in the circumferential welds, especially in large-diameter, high-grade gas 

pipelines. Current long-distance, high-pressure natural gas pipelines are primarily welded 

using semi-automatic techniques [29]. However, with the construction of new large 

pipelines like the China-Russia Eastern Gas Pipeline, which has higher flow rates, 

pressures, and larger sizes, there is a shift toward fully automated welding to enhance weld 

quality and safety. Automated welding achieves over 97% in non-destructive examination 

rates, while semi-automatic welding achieves up to 95%. 

Natural gas pipelines are susceptible to erosion-corrosion on welds due to gas flow and the 

presence of small particles, leading to eventual wear regardless of welding technique. When 

welding on pipelines containing hydrogen, two key factors must be considered: the risk of 

burn-through from localized heating and the thermal effects on the heat-affected zone 

(HAZ), which can alter microstructure and performance [29]. Changes such as grain 

growth, phase transformations, and hardening can impact the strength, toughness, and 

corrosion resistance of the pipeline. 

2.4.1 Welding technology in natural gas pipeline 

The welding process can significantly affect the metallurgical and mechanical properties 

of a material, often leading to a degradation of its overall properties. In pipeline 

transmission, several welding processes are commonly utilized to ensure quality and 

efficiency. Gas Tungsten Arc Welding (GTAW), or TIG welding, is prized for its high-

quality welds and precise control, making it ideal for root passes and smaller-diameter 

pipelines despite being slower. This is a welding process that produces a more ferritic 

microstructure in both the fusion zone (FZ) and the HAZ [33,34], due to the high cooling 

rate that occurs during welding. During the cooling process, the formation of delta (δ)-

ferrite and the ferrite-austenite transformation occur due to the diffusion of atomic nitrogen 

within the microstructure. This welding process is a widely used welding technique in the 

oil and gas industry because of its precision and versatility [35,36]. The Gas Metal Arc 

Welding (GMAW), also known as MIG welding, is either a semi-automated, automatic or 

machine welding process which joins metals by heating them to their melting point with an 

electric arc [37,38], and it is frequently used for larger-diameter pipes due to its faster 

application. Shielded Metal Arc Welding (SMAW), or stick welding, is widely favoured in 



                                            Chapter 2 Fatigue Assessment of Engineering Materials 

41 
 

field conditions for its portability and versatility [36,39]. However, the weld strength and 

ductility achieved with GMAW welding are superior to those obtained with the SMAW 

process and it generates less spatter and better weld geometry. Flux-Cored Arc Welding 

(FCAW)  is a manual arc welding process that uses a consumable electrode covered with 

flux to lay the weld and is chosen for its high welding speed and portability, making it well-

suited for outdoor pipeline projects [39]. Lastly in Submerged Arc Welding (SAW), the 

acicular ferrite phase forms due to the interaction of various oxides in the weld pool at high 

temperatures [40]. This specific phase plays a key role in improving the impact strength of 

SAW weldments, enabling this technique to be primarily employed in manufacturing plants 

for creating longitudinal and spiral seams on large-diameter pipes, offering high-quality 

welds. It is for this reason that it is widely used in the design of liquified natural gas-fuelled 

vessels [39]. 

2.5 Fatigue and fracture of engineering components 

Fatigue, as defined, is the progressive localized structural change occurring in a material 

subjected to fluctuating stresses and strains, leading to cracks or complete fractures over 

time [41,42]. Fatigue failure is therefore a phenomenon that commonly occurs in 

mechanical structures, particularly in components subjected to repeated or cyclic loading, 

at stress levels far below their yield stress. While fatigue failure may seem sudden, it 

develops gradually through repeated stress cycles [2,14]. It initiates at specific points within 

the component or structure, where stress concentrations are typically higher due to various 

factors such as temperature, external loads, geometry, residual stresses, environment, 

microstructure state, corrosion, and crack initiation or material deformity [7]. Fatigue 

represents a permanent process resulting from cyclic stresses and strains, often occurring 

at stress levels significantly lower than the material's ultimate tensile stress. According to 

Refs [2,43,44], the total fatigue life of a component can be segmented into three distinct 

phases, the initial phase known as crack initiation, constitutes the longest duration making 

up approximately 40–90% of the overall fatigue life. During this phase, cracks begin to 

form, and their progression may be impeded by various barriers such as grain boundaries. 

In some instances, cracks may stall completely at these barriers, preventing them from 

reaching a critical size that would lead to stable growth [2,5,43]. Following crack initiation, 

the component enters a phase of stable crack growth, where cracks propagate steadily at a 

relatively constant rate. Finally, the last phase is the unstable crack growth, which is marked 

by the rapid propagation of cracks until the component ultimately fails by breakage. 
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Although unstable crack growth represents a smaller portion of the total fatigue life 

compared to crack initiation, it signifies the culmination of the fatigue process, leading to 

failure. In this case, failure is considered to be the final breakage. In other circumstances, 

failure modes encompass a range of configurations, including excess deformation (elastic, 

yielding, or plasticity), brittle fracture, ductile fracture, creep, thermal shocks, wear, 

buckling, corrosion, and fatigue, among others. Among these, fatigue failure is 

predominant in engineering, approximately 50 to 90% of all mechanical failures, and is 

responsible for a significant portion of mechanical failures. This type of failure is prevalent 

in everyday objects like door springs, chairs, paper clips, hinges, and bicycles, as well as 

in more complex systems such as ground vehicles, aircraft, ships, and human body 

implants. These failures often carry significant costs and potential risks of fatalities. But 

what instigates these mechanical failures? Understanding fatigue life therefore is crucial in 

structural engineering to ensure components’ long-term reliability and safety under cyclic 

stresses. 

Mechanical failures stem from a myriad of factors, including various loading scenarios, 

environmental conditions, temperature fluctuations, and corrosion, among others. To 

address these challenges, design principles have been established, leading to significant 

successes in the engineering field. These principles aim to mitigate risks and ensure the 

reliability and safety of engineering structures, contributing to overall advancements in 

engineering practices.  

2.5.1 Factors influencing fatigue failure in engineering materials 

Fatigue in engineering is influenced by a multitude of factors ranging from material 

properties to loading conditions and environmental factors. However, the propagation of 

fatigue cracks is not instantaneous but takes some time, which allows for preventing 

accidental situations in certain cases by timely component diagnostics. The understanding 

of the cases, when fatigue cracks may form, and the knowledge of the basic causes of their 

generation would help significantly cut the material and time costs of both, examining the 

components and eliminating damage effects. Some of these factors are discussed below. 

2.5.1.1 Material properties 

Non-metallic inclusions in metals are compounds composed of both metals and non-metals, 

such as oxides, sulphides, or nitrides, and may include more complex species like 

oxysulphides or carbonitrides [45–47]. These inclusions can be classified as either 
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endogenous, formed within the metal through reactions of the liquid melt with deoxidizers 

like silicon, manganese, or aluminium particles during processes like desulfurization, or 

exogenous, originating from external sources such as refractory fragments, slag covering 

the molten metal or sand in cast alloys, and then mechanically incorporated into the metal. 

Typically, exogenous inclusions are larger in size compared to their endogenous 

counterparts. The presence of these non-metallic inclusions, grain size and orientation 

[48,49] along with other internal flaws, significantly reduces the reliability of components 

as they act as stress raisers within the material [2,50]. 

2.5.1.2 Surface finish and defects 

Surface defects resulting from mechanical treatment or thermal and thermochemical 

processes can significantly increase the likelihood of fatigue crack occurrence and 

propagation, even under smaller loads compared to the base metal [47,50,51]. Manual 

polishing, for instance, reduces surface pores and enhances compressive residual stresses, 

thereby improving fatigue resistance by a factor of about 1.5 – 3.5 for austenitic stainless 

steels [49,52]. A smoother surface with lower roughness tends to enhance fatigue 

performance, while fewer local defects and inclusions also contribute positively to fatigue 

resistance. Surface treatments that induce large compressive residual stresses are 

particularly beneficial for fatigue resistance, as these stresses counteract applied loads and 

reduce crack initiation and propagation. Additionally, work hardening increases the 

material's yield strength thereby delaying crack nucleation, although excessive work 

hardening may lead to brittleness and accelerate crack growth [53]. Various changes 

induced by machining, such as the formation of a white layer, grain refinement, dislocation, 

or martensitic transformation, also influence fatigue behaviour. Chromium plating is a 

widely utilized procedure in the industry, known for its ability to enhance the surface 

condition of critical industrial components [54]. This process provides a high level of 

hardness, resistance to wear and corrosion, and a low coefficient of friction, making it 

invaluable for various industrial applications in the aerospace, automotive and 

petrochemical fields. 

2.5.1.3 Heat treatments 

Premature fatigue failures of machine components often stem from various factors, 

including intense heat generated during the friction of mating components. Heat treatment 

plays a significant role in influencing mechanical and low cycle fatigue behaviours [55] 

and at room temperature, the strength of a material improves due to dislocation theory (the 
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abrupt change in the arrangement of atoms within a crystal). In Ref [56], heat treatment, 

the bonding between matrix and filler increases, enhancing the stability of resulting 

composites by improving the interaction between filler and matrix phases. However, the 

impact of heat treatment on thermomechanical fatigue responses is less significant with the 

difference in fatigue lifetime between heat-treated alloys (such as A356.0-T6) and as-cast 

alloys (such as A356.0) decreasing as the temperature range increases [55]. Notably, plastic 

strain increases significantly during fatigue cycles in heat-treated alloys due to over-aging. 

2.5.1.4 Thermochemical treatment surface treatment 

Fatigue often originates at the surface of a component. To enhance fatigue performance, 

various methods are frequently employed alongside surface finish improvements. These 

methods are designed to introduce compressive residual stress to the high-stress surface of 

the component, aiming to increase its fatigue life. Common techniques for enhancing 

component fatigue life include surface shot peening [57,58], cold extrusion of parts, and 

the introduction of residual compressive stress on the surface. Shot peening, particularly 

effective in areas with stress gradients or notch stress concentrations, stands out among 

these methods. Surface nitriding or carburizing treatments can strengthen the material 

surface and induce compressive residual stress, both contributing to improved fatigue 

performance [59]. Nitriding or carburizing treatments can double the fatigue limit of steel, 

with a more pronounced effect observed in specimens with notches [60]. The material's 

strength directly influences its fatigue performance, as higher material strength results in a 

lower cyclic stress level, thus extending service life and enhancing life extension effects. 

2.5.1.5 Environmental  

The presence of a liquid or gaseous environment typically results in a reduction in fatigue 

life, with chemical interactions and diffusion playing significant roles [61,62]. This is 

because fatigue initiation commonly occurs at surface imperfections, such as cracks, flaws, 

or inclusions, and the surfaces’ interaction with the environment enhances the diffusion of 

gases like hydrogen or corrosion reactions, ultimately diminishing fatigue life. 

Additionally, factors like pressure, temperature, and solution chemistry further influence 

this phenomenon [47,63]. Corrosive fatigue in environments such as seawater, acids, and 

alkalis has a detrimental effect on fatigue. It is thought to cause rupture of the protective 

passive film on materials increasing crack growth rates. However, corrosion-resistant steels 

with good corrosion fatigue resistance perform better than ordinary carbon steels, which 
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see a significant decrease in their fatigue limit, or even their complete disappearance, in 

corrosive environments. 

2.5.1.6 Applied loads or operational conditions 

The likelihood of fatigue failure depends primarily on both the magnitude of the applied 

stress, an external factor, and the material's resistance to fatigue failure, an internal factor. 

Typically, failure occurs in regions experiencing high stress or  material defects [2,14]. The 

operational durability of components and their susceptibility to fatigue failure largely hinge 

on the quality of the metal used and the fabrication precision of the part itself. In situations 

where the maximum cyclic stress is equivalent, the larger volume of material in high-stress 

areas during tension and compression cycles heightens the likelihood of defects and crack 

initiation [47]. Consequently, under identical stress levels, the lifespan of a specimen 

subjected to tension-compression cyclic loads is shorter than that under bending [64,65]. 

This indicates that the fatigue strength under tension-compression cycles is lower compared 

to bending for the same service life. Furthermore, fatigue life further diminishes during 

torsion, although the volume of material has minimal impact in this scenario. 

2.5.2 Mean stress effect on fatigue 

The mean stress effect is significant in determining the overall fatigue strength of 

engineering materials. Specifically, under uniaxial fatigue loading, fatigue damage 

increases with higher applied tensile static stress [66]. Similarly, reducing the load ratio (R) 

causes fatigue curves to shift upwards in Wöhler’s diagrams, indicating a decrease in 

material fatigue limit [1]. For materials with a fatigue limit, the number of cycles to failure 

at the knee point of the fatigue curve can vary with changes in mean stress or load ratio. 

The effects of mean stress as the load ratio changes are depicted in the figure below. 

 

a) 

 

b) 
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Figure 2-12 effect of uniaxial loading on the a) mean stress and b) load ratio R on fatigue 

curves.  

many attempts have been made to propose sound engineering rules suitable for predicting 

the mean stress effect in fatigue. Almost all the proposed criteria can concisely be 

summarised by using Marin’s general equation [1,67] 
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In this equation, 𝜎0,𝑅=−1 is the fatigue limit generated under fully reverse load conditions. 

𝜎𝑈𝑇𝑆 is the ultimate tensile strength, while 𝑓,𝑚 and 𝑛 are constants which take on different 

values according to the considered fatigue damage model. The most adopted criteria is 

derived as follows: 

Soderberg’s relation.  

Bu considering m, n = 1, and 𝑓 =
𝜎𝑈𝑇𝑆

𝜎𝑌
⁄  in which 𝜎𝑌 is the material’s yield stress, 

Marin’s general equation becomes: 
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Goodma’s relationship 

By setting m, n, and f = 1, this becomes 
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Gerber’s parabola 

This is obtained by imposing 𝑛 = 1, 𝑚 = 2 and 𝑓 = 1 in the Marin’s equation. 
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Dietman’s parabola 

Similarly, by setting 𝑛 = 2, 𝑚 = 1 and 𝑓 = 1, Marin’s equation turns to: 
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Elliptical relationship 

This is achieved by imposing 𝑛 = 2, 𝑚 = 2 and 𝑓 = 1 in the Marin’s equation. This 

becomes: 
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Experimental evidence shows that most data points fall within the area defined by an 

elliptical relationship (equation (2-31)) and Goodman's straight line (equation(2-28). This 

suggests that when examining how a specific metal material responds to non-zero mean 

stresses, Goodman's criterion is recommended if appropriate tests cannot be conducted 

[1,67]. This criterion provides a margin of safety for accounting for the mean stress effect 

under uniaxial fatigue loading. Additionally, Soderberg's straight line, which uses the yield 

stress as a calibration reference instead of the ultimate tensile strength, is often preferred 

for practical applications. This preference arises because it offers a higher level of safety. 

These criteria can also be applied when using endurance limits. 

In the finite life regime, Marin's general relationship can be utilized to assess how 

superimposed static stresses impact the number of cycles until failure. This method 

involves substituting the fully reversed fatigue limit with the plain fatigue curve produced 

under a load ratio, R = -1. In this case, the Marin’s equation becomes: 
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Clearly, the S-N curve of a plain material can be expressed also in terms of endurance limit, 

𝜎0 extrapolated at NA cycles to failure. It has been shown by examples in the literature that 

the use of Goodman’s equation results in the highest level of conservatism (See Ref [1]).  

It is important to note that while the impact of superimposed tensile stresses on fatigue 

strength has been extensively studied, the effect of compressive mean stresses has received 

less attention. However, compressive mean stresses either have no effect or can even be 

beneficial for overall material fatigue strength. As a result, negative mean stresses are 

typically disregarded, and fatigue assessment under these conditions relies on material 

fatigue properties obtained under fully reversed loading.  

2.5.3 Notch fatigue 

While notches are intentionally created for studying properties like fracture toughness and 

fatigue crack growth, they also have a well-known detrimental effect on the overall fatigue 

strength of real mechanical components, known as the notch fatigue problem. Consider for 

example the V-notched cylindrical bar as shown in Figure 2-13a, subjected to a dynamic 

load force with amplitude Fa. The stress experienced by the cylindrical bar can be calculated 

using either the net stress or the gross nominal stress. Since the bar is loaded with a cyclic 

force, it's clear that the nominal stress amplitudes can be calculated concerning either the 

net or the gross cross-sectional area. In fatigue assessment, continuum mechanics typically 

employ nominal net stresses, whereas linear elastic and fracture mechanics use gross 

nominal stress. 

In particular, consider the Wohler curve shown in Figure 2-13b with three different sets of 

fatigue curves. The upper curve is supposedly generated by testing plain specimens of a 

given material, while the other two curves are determined by testing specimens of the same 

material but with a known geometrical feature, such as a notch. The difference between the 

two notch curves lies in their representation: the higher one is plotted in terms of the 

amplitude of the nominal net stress, whereas the dashed one is plotted in terms of the 

amplitude of the nominal gross stress. The dashed curve is simply scaled with respect to 

the other one by a factor proportional to the ratio between the net and the gross cross-

sectional area. This is the fatigue strength reduction factor 𝐾𝑓 [1,2,68] 
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a)  

b) 

Figure 2-13 Wohler fatigue curve for plain and notched specimens and definition of the 

fatigue strength reduction factor 𝐾𝑓 [2] 

 𝐾𝑓 =
𝜎0

𝜎0,𝑛
          (2-33) 

Where 𝜎0 is the endurance limit of the plain fatigue curve and 𝜎0,𝑛 is the endurance limit 

of the notched fatigue curve. To coherently determine 𝐾𝑓 , these two fatigue curves must 

always be determined under the same experimental conditions. 

𝐾𝑓 is determined experimentally. However, there exist formulae to estimate  𝐾𝑓 that have 

been validated in the literature. This involves another parameter known as the notch 

sensitivity factor 𝑞, defined as: 

 𝑞 =
𝐾𝑓 − 1

𝐾𝑡 − 1
          (2-34) 

𝐾𝑡 is a function of the component geometry and the loading conditions, as is also available 

in handbooks [2,5,68]. For any given geometrical feature, the strength reduction factor is 

expressed as a function of both q and the corresponding linear elastic stress concentration 

factor 𝐾𝑡, in which 𝐾𝑡 has been calculated using the net nominal stress. i.e: 

 𝐾𝑓 = 1 + 𝑞(𝐾𝑡 − 1)          (2-35) 

where q ranges between 0 and 1. 𝑞 = 0  when the presence of the considered stress raiser 

does not result in any reduction of the plain fatigue limit as is the case with non-damaging 

notches. When 𝑞 = 1 in full-notch sensitivity, then 𝐾𝑓is equal to 𝐾𝑡 so that the fatigue 
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damage can estimated by using the linear elastic stress calculated at the tip of the stress 

concentrator being assessed.  

One of the popular approaches to estimate 𝐾𝑓 is suggested by Neuber, which is defined as 

[1,2]: 

 
𝐾𝑓 = 1 +

𝐾𝑡 − 1

1 + √
𝑎𝑁

𝑟𝑛

  
         (2-36) 

In which 𝑎𝑁 is a constant whose value depends on the strength and ductility of the material 

and 𝑟𝑛is the notch-root radius. Accordingly, 𝐾𝑓 depends on the notch root radius, which is 

assumed to be the most important parameter controlling the linear-elastic stress field 

distribution along the notch bisector, as well as on a critical distance parameter. This 

concept arises from the observation that the elastic stresses near stress raisers do not reach 

the levels predicted by continuum mechanics. Consequently, Neuber proposed averaging 

the stress near the notch apex over material units, such as crystals or structural particles. 

This approach calculates an engineering quantity that represents the actual stress causing 

fatigue damage in the process zone. 

Furthermore, it's widely recognized that in conventional notches, the opening angle plays 

a crucial role in accurately calculating the resulting linear-elastic stress fields. To address 

this significant geometric variable, Ref [69] proposed the following formula, designed to 

estimate the reduction factor in fatigue strength when open notches are present. 

 
𝐾𝑓 = 1 +

𝐾𝑡 − 1

1 +
𝜋

𝜋 − 2𝛼
√

𝐴
𝑟𝑛

  
         (2-37) 

In the above relationship, 2a represents the notch opening angle, whereas A denotes a 

material constant that depends on the ultimate tensile strength. This constant typically 

ranges from 0.025 mm up to 0.51 mm [1,2,5]. 

Peterson proposed a reference strength method for estimating 𝐾𝑓 along the notch bisector, 

formalizing the point method. This approach assumes that the notch root radius is the key 

geometrical parameter defining the stress field profile along the notch bisector. Peterson 

suggested using the following formula [3,70]: 
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 𝐾𝑓 = 1 +
𝐾𝑡 − 1

1 +
𝑎𝑃

𝑟𝑛

           (2-38) 

Where 𝑎𝑃is a constant which is a property of the material. However, this formulation by 

Peterson is not recommended to be used to perform the fatigue assessment of mechanical 

components containing very sharp notches.  

Another empirical relationship that certainly deserves to be mentioned is the one reported 

by Heywood in Refs [1,71] which is suitable for estimating the detrimental effect of notches 

in cylindrical bars of steel. In particular, the formula below in which 𝑎𝐻 is a constant, a 

function of the material static properties as well as of the geometrical feature to be assessed, 

is used. 

 
𝐾𝑓 =

𝐾𝑡 − 1

1 + 2√
𝑎𝐻

𝑟𝑛

  
         (2-39) 

Thus, Numerous engineering tools are available for estimating the fatigue strength 

reduction factor 𝐾𝑓. This implies that the calculated notch fatigue limits or endurance limits 

adjusted with an appropriate safety factor, can be directly applied to conduct high-cycle 

fatigue assessments of actual mechanical components. 

The challenge of addressing the negative impact of notches was approached by focusing 

solely on stress concentrators with a tip radius greater than zero. When notch radii approach 

zero, the formulas outlined above become ineffective for estimating 𝐾𝑓 because linear 

elastic peak stresses tend towards infinity, leading to stress concentration factors also 

trending toward infinity. Therefore, alternative strategies must be pursued in the presence 

of singular stress fields to estimate fatigue damage while still retaining the clear advantages 

of linear-elastic methods. This will be the primary focus of the following section. 

2.5.4 Fatigue characterisation of welds 

Fatigue failure of metals is a widespread challenge encountered across many industries. In 

structural integrity assessments of intermittently loaded components, welded joints are 

often the critical areas of concern. The fatigue strength of welded joints is typically lower 

than that of the base metal due to several factors. One such factor is the abrupt change in 

geometry at the weld toe, which creates a stress concentration unless mitigated through 

machining [1,5]. Additionally, thermal contraction during cooling induces tensile residual 

stresses of a magnitude comparable to the yield strength of the base metal, which 
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significantly weakens the fatigue strength of the welded joint. Moreover, the 

inhomogeneous microstructures and potential defects present in welded joints further 

increase their susceptibility to fatigue failure during service. In such cases, material strength 

primarily influences crack initiation [77]. Additionally, the presence of welding residual 

stresses often affects fatigue life, frequently leading to its reduction. Therefore, developing 

effective design methods for estimating fatigue life must also rely on localized approaches. 

According to the IIW Fatigue Design Recommendations, the four main methods used are 

[78]: Nominal stress approach, Structural/Geometrical “hot-spot” stress approach, 

Effective notch stress approach and the Linear elastic fracture mechanical crack growth 

approach.  

Similarly, to classify the fatigue of a welded joint in the high cycle regime for example, 

which is characterised by stresses less than the yield strength and where purely elastic 

deformation in each loading cycle takes place, many approaches have been used to quantify 

the fatigue properties of the weld [72–74]. In particular, ref [73] suggests that fatigue data 

generated from a weld is compared with a target S-N curve of a known slope and this curve 

depends on the material and application. In this case, the target curve has predefined curve 

parameters and is always a factor above the standard design curve. A detailed explanation 

of the approach used to access the fatigue property of a welded joint in this research is 

presented in the methodology chapter of this research. 

2.6 Estimation of the fatigue properties of a material quantitative analysis 

Fatigue life prediction methods can be categorized into two primary groups based on their 

approach [44]. The first group consists of models focused on predicting crack nucleation. 

These models use a combination of damage evolution rules and stress/strain criteria for 

components. The distinguishing feature of this approach is its independence from loading 

and specimen geometry, with fatigue life determined solely by a stress/strain criterion [75]. 

On the other hand, the second group employs continuum damage mechanics (CDM). In 

this approach, fatigue life is predicted by computing a damage parameter cycle by cycle 

[76]. 

A review of current methodologies reveals a range of stress- and strain-based approaches 

for designing components against fatigue. A common challenge faced by structural 

engineers is the unavailability of all required material properties. While conducting 

experiments is the most accurate method, it's often constrained by resource limitations in 



                                            Chapter 2 Fatigue Assessment of Engineering Materials 

53 
 

terms of time and budget. In such cases, empirical relationships come in handy, allowing 

for the estimation of fatigue constants directly. While these relationships may not be 

suitable for designing critical components, they can aid in preliminary design stages or 

assess components where failure wouldn't pose significant risks. Classical relationships for 

estimating fatigue properties are readily available in scientific literature. Despite their 

reliability in practice, it's important to note that relying solely on estimated material 

properties for fatigue assessment may lead to non-conservative designs under specific 

circumstances. 

2.6.1 Estimation of uniaxial Wöhler curves 

Consider for example the Wöhler shown in the figure below which is believed to come 

from a nonferrous material without a defined fatigue limit, like aluminium alloys for 

example. In this case, an endurance limit is defined at a referenced number of cycles to 

failure 𝑁𝐴, and also a change in the fatigue properties at the knee point 𝑁𝑘𝑝. 

 

Figure 2-14 Uniaxial fatigue curve of non-ferrous material 

This figure summarises constants like the inverse slope 𝑘 before and 𝑘∗after the knee point 

and the referenced points which ought to be known to properly define uniaxial fatigue 

curves. The practical rules required to estimate the mentioned constants are then outlined, 

starting with the estimation of plain material fatigue properties and then addressing the 

detrimental effect of notches. 

2.6.1.1 Fully reversed plain endurance limit 

According to Ref [7] the plain endurance limits for 𝑅 = −1 under bending is estimated as: 

Steel.  

𝑁𝐴 = 106 cycles to failure 



2.6 Estimation of the fatigue properties of materials      

54 
 

𝜎𝐴 = 0.5𝜎𝑈𝑇𝑆 for 𝜎𝑈𝑇𝑆 < 1400MPa 

𝜎𝐴 = 700MPa for 𝜎𝑈𝑇𝑆 ≥ 1400MPa 

Aluminium. 

𝑁𝐴 = 5 × 108 cycles to failure 

𝜎𝐴 = 0.4𝜎𝑈𝑇𝑆 for 𝜎𝑈𝑇𝑆 < 336MPa 

𝜎𝐴 = 130MPa for 𝜎𝑈𝑇𝑆 ≥ 336MPa 

Cast iron. 

 𝑁𝐴 = 5 × 107 cycles to failure 

𝜎𝐴 = 0.4𝜎𝑈𝑇𝑆 for 𝜎𝑈𝑇𝑆 < 336MPa 

There are other classical rules suitable for estimating the endurance limits of different 

engineering materials subjected to in-service bending loading. This is summarised in the 

Table 2-1below. 

2.6.1.2 Correcting the endurance limit through the estimated values of the 

modifying factors 

The response of engineering materials to fatigue is significantly influenced by various 

parameters, including the type of applied loading (𝐶𝐿), surface treatments and roughness 

(𝐶𝑆), size effect (𝐶𝐷), and the statistical dispersion of fatigue failures (𝐶𝑅). These factors 

must always be considered during the design process, as they can sometimes reduce the 

overall fatigue strength of the material used in the component being evaluated [1,2,7,14]. 

The influence of these factors is typically accounted for using specific indices, which are 

usually determined through experimental testing. However, if experimental values are 

unavailable, they can be estimated using practical rules. The corrected fully reversed plain 

endurance/fatigue limit 𝜎𝐴 is estimated using the corrected equation: 

 𝜎𝐴 = 𝐶𝐿 . 𝐶𝑆. 𝐶𝐷 . 𝐶𝑅 . 𝜎𝐴 (2-40) 
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Table 2-1 : Estimated fully reversed endurance limits under bending for different 

engineering materials [7] 

Material 𝝈𝑨[MPa] 𝑵𝑨 

[Cycles] 

Observation 

Steel – Ferrite  0.58𝜎𝑈𝑇𝑆 106  

Steel – Ferrite + Pearlite 0.38𝜎𝑈𝑇𝑆 106  

Steel – Pearlite 0.38𝜎𝑈𝑇𝑆 106  

Steel – Untempered martensite 0.26𝜎𝑈𝑇𝑆 106  

Steel – Highly tempered Martensite 0.55𝜎𝑈𝑇𝑆 106  

Steel – Highly Tempered Martensite + Tempered 

Bainite 
0.50𝜎𝑈𝑇𝑆 106  

Steel – Tempered Bainite 0.50𝜎𝑈𝑇𝑆 106  

Steel – Austenite 0.37𝜎𝑈𝑇𝑆 106  

Wrought Steels 0.50𝜎𝑈𝑇𝑆 106 𝜎𝑈𝑇𝑆 <
1400MPa 

Wrought Steels 700 106 𝜎𝑈𝑇𝑆 ≥
1400MPa 

Cast iron 0.40𝜎𝑈𝑇𝑆 5 × 107  

Aluminium alloys 0.40𝜎𝑈𝑇𝑆 5 × 108 𝜎𝑈𝑇𝑆 < 336MPa 

Aluminium alloys 130 5 × 108 𝜎𝑈𝑇𝑆 ≥ 336MPa 

PM cast aluminium 80 5 × 108  

Sand cast aluminium 55 5 × 108  

1) Load factor 𝑪𝑳 

 The load factor is used to consider how engineering materials respond to the applied time-

dependent loading. For example, the endurance limit of a cylindrical bar under tension-

compression loading is typically lower than that of the same shaft subjected to bending. 

This difference arises because in bending, a stress gradient exists due to the type of loading, 

resulting in a smaller portion of the material experiencing the highest stress level. In 

contrast, under axial loading, the entire section of the bar undergoes uniform cyclic stress 

significantly increasing the likelihood of fatigue crack initiation. In practical situations, the 

load factor is employed to adjust either the endurance or the fatigue limit and in the absence 

of experimental data, the following load factors are used. 

Table 2-2 : Recommended values for load factor  

Type of loading 𝑪𝑳 

From Bending From Rotating 

bending 

From Axial 

loading 

Bending 1 1.25 1.4 

Rotating bending 0.8 1 1.1 

Axial Loading 0.7 0.9 1 

2) Surface finishing factor (𝑪𝑺) 
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In general, fatigue curves are established through testing laboratory samples that are 

polished to minimize the adverse impact of superficial scratches and roughness. These 

geometric irregularities lead to local stress concentration phenomena, which must be 

considered when designing real components for fatigue resistance. If the effect of surface 

finishing cannot be experimentally investigated, it is common practice to adjust the fatigue 

(or endurance) limit determined from polished samples using the surface finishing factor 

[79]. The most widely used formula in practical situations utilizes the material's ultimate 

tensile strength and is defined as: 

 𝐶𝑆 = 𝑎. 𝜎𝑏
𝑈𝑇𝑆 (2-41) 

The constants 𝑎 and 𝑏 are summarised as: 

Table 2-3 : Values of the constants in Noll and Lipson’s relationship [80]  

Surface finishing a b 

Ground  1.58  -0.085 

Machined 4.51 -0.265 

Hot Rolled 57.5 -0.718 

Forged 272 -0.995 

3) Size factor 𝑪𝑫 

a cylindrical bar subjected to cyclic bending has its fatigue damage diminished as the 

diameter of the bar decreases. This trend can be attributed to the larger portion of material 

experiencing the critical stress range as the diameter increases. When designing 

components to withstand fatigue, this phenomenon is typically considered by incorporating 

a size factor CD. If this factor cannot be determined through experimentation, empirical 

relationships using d as the diameter of the component being assessed can be employed as 

[7]. 

 𝐶𝐷 = 1 for 𝑑 <≤ 8mm 

(2-42) 

 𝐶𝐷 = 1.189𝑑−0.097 for 8𝑚𝑚 < 𝑑 < 250mm 

Experimental studies indicate that when engineering materials undergo axial loading, the 

influence of size on fatigue damage is minimal. Therefore, in such scenarios, it is 

recommended to consider the size factor as consistently equal to unity [2,7]. 
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Another crucial consideration involves assessing the size effect when the critical section of 

the component under evaluation is not circular. In these cases, an equivalent diameter can 

be approximated using the portion of the cross-sectional area where 95% of the maximum 

stress is experienced. Denoting this reference critical area as 𝐴95%, the equivalent diameter 

can be estimated as follows. 

 𝑑𝑒𝑞 = √
𝐴95%

0.077
 (2-43) 

4) Reliability factor (𝑪𝑹) 

When the inherent scattering of physical data points in fatigue results cannot be addressed 

using suitable statistical methods the endurance or fatigue limits can be directly adjusted 

based on the values listed in Table 2-4. 

Table 2-4 Reliability factor [2,7] 

Reliability  𝐶𝑅 

0.5 1.000 

0.9 0.897 

0.95 0.868 

0.99 0.814 

0.999 0.753 

0.9999 0.702 

0.99999 0.659 

0.999999 0.620 

2.6.1.3 Estimating the endurance limit in the presence of superimposed static 

stresses 

The presence of non-zero mean stresses has been observed to negatively impact the fatigue 

strength of engineering materials. Therefore, it is crucial to always consider the influence 

of superimposed static stresses. For fully reversed loading Marin’s equation becomes,  

 (
�̃�𝐴

𝜎𝐴
)
𝑛

+ (𝑓
𝜎𝑚

𝜎𝑈𝑇𝑆
)
𝑚

= 1 (2-44) 

Where 𝜎𝐴is the endurance limit or the fatigue limit for fully reversed loading and obtained 

by using the appropriate modifying factors shown in equation (2-40). Meanwhile, �̃�𝐴 is the 

endurance or fatigue limit in the presence of superimposed static stresses. The other 

variables f, m and n are as defined in section 2.5.2. if 𝜎𝑚 is the non-zero mean stress, the 

following approximations are made. 
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Soderberg n=1, m=1, 𝑓 =
𝜎𝑈𝑇𝑆

𝜎𝑌
⁄  

�̃�𝐴

�̅�𝐴
+

𝜎𝑚

𝜎𝑌
= 1 ⟹ �̃�𝐴 = 𝜎𝐴 (1 −

𝜎𝑚

𝜎𝑌
) 

(2-45) 

 

Goodman’s relationship, 𝑛 = 1,𝑚 = 1, 𝑓 = 1 

�̃�𝐴

�̅�𝐴
+

𝜎𝑚

𝜎𝑈𝑇𝑆
= 1  ⟹ �̃�𝐴 = 𝜎𝐴 (1 −

𝜎𝑚

𝜎𝑈𝑇𝑆
) 

(2-46) 

 

Gerber’ parabola is obtained by setting 𝑛 = 1,𝑚 = 2, 𝑓 = 1 

�̃�𝐴

�̅�𝐴
+ (

𝜎𝑚

𝜎𝑈𝑇𝑆
)
2

= 1 ⟹ �̃�𝐴 = 𝜎𝐴 [1 − (
𝜎𝑚

𝜎𝑈𝑇𝑆
)
2

] 
(2-47) 

 

Dietman’s parabola is obtained by setting 𝑛 = 2,𝑚 = 1, 𝑓 = 1 

(
�̃�𝐴

�̅�𝐴
)
2

+
𝜎𝑚

𝜎𝑈𝑇𝑆
= 1 ⟹ �̃�𝐴 = 𝜎𝐴√1 −

𝜎𝑚

𝜎𝑈𝑇𝑆
 

(2-48) 

 

Elliptical relation is obtained by setting 𝑛 = 2,𝑚 = 2, 𝑓 = 1 

(
�̃�𝐴

�̅�𝐴
)
2

+ (
𝜎𝑚

𝜎𝑈𝑇𝑆
)
2

= 1 ⟹ �̃�𝐴 = 𝜎𝐴√1 − (
𝜎𝑚

𝜎𝑈𝑇𝑆
)
2

 
(2-49) 

As seen previously, Goodman’s criterion is widely favoured in practical applications 

because among the corrections using the ultimate tensile strength, it provides the highest 

safety margin. The safest adjustment is the Soderberg method, which incorporates the 

material yield stress as the second calibration parameter. 

2.6.1.4 Estimation of plain uniaxial fatigue curve in the presence of 

superimposed static stresses 

To estimate the plain uniaxial fatigue curve of engineering materials, two calibration points 

are typically required. Firstly, the endurance limit �̃�𝐴 after 𝑁𝐴 cycles to failure, is always 

the initial calibration point. This limit is adjusted to account for modifying factors as well 

as non-zero mean stresses. Secondly, in the low-cycle fatigue regime, the second calibration 

point is set after 𝑁𝑆 cycles to failure as in Figure 2-14. Typically, 𝑁𝑆 is chosen to be equal 

to 103 cycles to failure [2,5,81]. The stress amplitude at 𝑁𝑆 cycles to failure is estimated 

based on the material's ultimate tensile strength. However, this estimate needs to be 

adjusted to consider factors such as the load ratio (or mean stress value), the type of applied 

loading, and the desired reliability level. Specifically, for fully reversed loading conditions, 

the stress amplitude at this fatigue life can be approximated as [7], 

 
𝜎𝑠,𝑎 = 𝐶𝑅. 0.9𝜎𝑈𝑇𝑆  under fully reversed loading 

𝜎𝑠,𝑎 = 𝐶𝑅. 0.75𝜎𝑈𝑇𝑆  under bending 
(2-50) 
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For a load ratio R larger than -1 in axial loading, this is accounted for by computing the 

corrected stress at 𝑁𝑆 defined as 

 �̃�𝑠,𝑎 =
1 − 𝑅

2
𝜎𝑠,𝑎 (2-51) 

Meanwhile, if the mean stress is kept constant and equal to 𝜎𝑚, the corrected stress level at 

𝑁𝑆 is estimated as: 

 �̃�𝑠,𝑎 = 𝜎𝑠,𝑎 − 𝜎𝑚 (2-52) 

The equations summarised in this section can be used independently from the material type 

[7]. Once the stresses at 𝑁𝑆 and at 𝑁𝐴 are established, the remaining factor is the value of 

the inverse slope (k) for the respective curve. This value of k can be derived from the two 

points 𝑁𝑆 ≅ 103 and 𝑁𝐴 chosen at the referenced points according to the material and 

summarised in Table 2-1, is defined as: 

 𝑘 =
𝑙𝑜𝑔 (

𝑁𝐴
𝑁𝑆

⁄ )

𝑙𝑜𝑔 (
�̃�𝑠,𝑎

�̃�𝐴
⁄ )

 (2-53) 

Table 2-5 summarises some knee-point as well as the value of the inverse slope beyond the 

knee point of the Wohler curve for non-ferrous materials. In order to estimate these values, 

the simplest approach is to maintain the negative inverse slope constant and equal to k. This 

method offers the advantage of designing components with a higher level of conservatism, 

especially in cases of low-stress amplitude cycles. Alternatively, if this level of safety is 

deemed excessive, recommended values for both 𝑁𝑘𝑝 and 𝑘∗ under constant amplitude, 

loading can be referenced as provided in Table 2-5. 
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Table 2-5 Recommended values for 𝑁𝑘𝑝 and 𝑘∗ [82]  

Material  𝑁𝑘𝑝 

[Cycles to Failure] 

𝑘∗ 

High strength steel 5 × 105 45 

Structural steel 2 × 106 45 

High strength cast steel 5 × 105 45 

Medium strength cast steel 2 × 106 45 

High strength sintered steel 5 × 105 45 

Medium strength sintered steel 2 × 106 45 

High strength cast nodular iron 5 × 105 45 

Medium strength cast nodular iron 2 × 106 45 

Wrought aluminium alloys 1 × 106 ÷ 5 × 106 22 

Cast aluminium 1 × 106 ÷ 5 × 106 22 

Sintered aluminium 1 × 106 22 

Wrought magnesium alloys 5 × 104 ÷ 1 × 105 45 

Cast magnesium 1 × 105 ÷ 5 × 105 22 

 

 

 

Figure 2-15 Fatigue strength reduction factor 𝐾𝑓 
 

2.6.1.5 Estimation of Notch endurance limit in the presence of superimposed 

static stresses 

The schematic Wöhler diagram in Figure 2-15 represents both a fatigue curve generated by 

testing unnotched samples (Plain Fatigue Curve) and another curve generated by testing 

specimens containing a known geometrical feature (Notch Fatigue Curve). The latter curve 

is plotted in terms of amplitudes of the nominal net stress. According to this diagram, the 

detrimental effect of a stress concentrator is quantified through the fatigue strength 

reduction factor 𝐾𝑓 [68]. In this case the value of the notched endurance limit  �̃�𝐴𝑛 is 

estimated as: 
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 �̃�𝐴𝑛 =
�̃�𝐴

𝐾𝑓
 (2-54) 

Where �̃�𝐴𝑛 is the corrected endurance limit of the notched curve. In practical situations, 𝐾𝑓 

is typically estimated using formulations in section 2.5.3.  

2.6.1.6 Estimation of Notch uniaxial fatigue curve in the presence of 

superimposed static stresses  

 

Once the notch endurance limit is determined, the corresponding notch uniaxial fatigue 

curve can be directly estimated, provided that both �̃�𝑠𝑛,𝑎 (the amplitude of the net stress at 

𝑁𝑆 to failure) and 𝑁𝑆 are defined coherently. By assuming that �̃�𝑠𝑛,𝑎 and �̃�𝑠,𝑎 are equal at 

𝑁𝑆 equal to a thousand cycles as shown in Figure 2-15, the inverse slope of the notch curve 

is estimated in the same way as in equation (2-52) as:  

 𝑘𝑛 =
𝑙𝑜𝑔 (

𝑁𝐴
𝑁𝑆

⁄ )

𝑙𝑜𝑔 (
�̃�𝑠,𝑎

�̃�𝐴𝑛
⁄ )

 (2-55) 

Another widely adopted approach in practical situations to estimate the negative inverse 

slope of the notch uniaxial fatigue curve is assuming 𝑁𝑆 = 1 in the above equation [83]. In 

both situations, the reference cycles to failure 𝑁𝐴 are chosen as recommended in Table 2-1. 

There are no universally accepted relationships for quantifying 𝐾𝑓 at 𝑁𝑆 = 103 cycles to 

failure in the literature, it is recommended to use the schematisation proposed by both 

approaches (𝑁𝑆 = 103 and 𝑁𝑆 = 1) to design notched components against uniaxial fatigue. 

𝐾𝑓 at 𝑁𝑆 has not been quantified [7,71]. 

2.7 Chapter summary and feedforward 

Having reviewed the various ways in which continuum mechanics and linear elastic 

fracture mechanics approach fatigue failures due to different loading formats, these 

concepts can then be applied to study the fatigue properties of metals when exposed to 

quantified hydrogen. Hydrogen embrittlement is a well-known phenomenon that affects the 

mechanical properties of metals. This concept is the driving motive and the core of this 

PhD research. For completeness, the next chapter will review hydrogen embrittlement 

mechanisms in metals. It's important to emphasize that this project is not focused on 

researching hydrogen embrittlement mechanisms in metals, but rather intends to utilize the
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 impacts of hydrogen embrittlement to quantify the fatigue properties of the metals involved 

in this research. 
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3 Exploring the Basics of Hydrogen Embrittlement (HE) 

3.1 Chapter Introduction  

This chapter concisely reviews the hydrogen embrittlement (HE) phenomenon, forming the 

foundation for subsequent discussions. Although HE is not the primary focus of this study, 

understanding it is crucial, as it serves as the motivation for the research conducted in this 

PhD project. The review explores existing literature, examines the mechanisms by which 

hydrogen permeates metals, and explains its destructive effects on the mechanical 

properties of materials. Particular attention is given to the HE effects on X52 carbon welded 

and unwelded steel, grey cast iron and brass pipeline materials used in this research. A 

detailed analysis of the mechanics behind HE, in general, is provided, including 

mechanisms such as hydride formation, hydrogen-induced phase transformation (HIPT), 

hydrogen-enhanced decohesion (HEDE), hydrogen-enhanced localised plasticity (HELP), 

hydrogen-enhanced strain-induced vacancy mechanism (HESIV), adsorption-induced 

dislocation emission (AIDE), and the hydrogen pressure theory. Additionally, the impacts 

of the various hydrogen-related factors on HE, such as temperature, pressure, charging 

time, and the microstructural characteristics of these materials, are discussed. Specifically, 
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the analysis determines whether a hydrogen pressure of 8 bars is capable of causing 

significant degradation in the mechanical properties of these pipeline materials.  

Thus, this comprehensive overview sets the stage for the exploration of the mechanical 

properties of metals subjected to HE, thereby providing robust answers to the research 

question and meeting the overall objective of this PhD study. 

3.2 Introduction to Hydrogen Embrittlement 

Hydrogen is the lightest element and can dissolve in most metals and alloys [1,2] and its 

interactions with the crystal lattice are a significant concern for most engineering metals. 

These interactions lead to metal degradation observed in reduced fracture toughness, 

fatigue resistance and ductility [3]. The mechanical degradation of structural materials due 

to hydrogen is a significant issue and has led to numerous accidents during production, 

storage, transportation, and use. These problems manifest in various ways, such as stress 

corrosion cracking, hydrogen-induced cracking, hydride cracking, and other harmful 

effects, often resulting in catastrophic fractures [4,5]. Hydrogen-induced degradation and 

the range of phenomena associated with its harmful effects are collectively known as 

hydrogen embrittlement (HE), which involves a hydrogen-induced transition from ductile 

to brittle behaviour. HE is therefore a complex phenomenon that occurs across various 

length and time scales, affecting a wide range of metals. It can greatly reduce ductility and 

load-bearing capacity [6], leading to cracking and catastrophic brittle failures at stress 

levels below the yield stress of susceptible materials [4]. Therefore, HE is one of the major 

challenges in developing hydrogen energy infrastructure, particularly in the repurposing of 

natural gas pipelines [7]. 

HE is a phenomenon whereby hydrogen atoms penetrate the lattice structure of metals, 

leading to a reduction in their mechanical properties (brittle) and increased susceptibility 

to fracture [5,8]. The degree of embrittlement is influenced both by the amount of hydrogen 

absorbed and the microstructure of the material as well as the environment (hydrogen 

pressure and temperature). Microstructures which present high strength with a distribution 

of grain boundary particles or inclusions can result in increased susceptibility to 

embrittlement [9]. 
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1 Diatomic hydrogen gas HH 

2 Diatomic hydrogen undergoes 

adsorption at the metal surface 

3 Diatomic hydrogen dissociates to 

monatomic hydrogen (H) 

4 Monatomic hydrogen (H) absorbs 

into the metal 

5 Monatomic hydrogen (H) diffuses 

through interstitial spacings in the 

metal 

Figure 3-1 Interaction of hydrogen with metal surface 

Due to the complexity of HE, it is essential to understand the interactions of hydrogen on 

the metal surface, how it enters the metal, its transport through the crystal lattice, and its 

interactions with crystal defects [10]. Most importantly, understanding its effect on the 

modification of material properties is crucial. Figure 3-2 shows a schematic view of the 

ingress of hydrogen as it comes in contact with a metal. When hydrogen comes in contact 

with a metal surface, Hydrogen molecules (H₂) initially adsorb onto the metal surface. For 

many metals, this involves the hydrogen molecules dissociating into individual hydrogen 

atoms facilitated by the metal’s catalytic properties [11] as shown in Figure 3-1. At certain 

elevated temperatures and pressures, atomic hydrogen can easily penetrate metal surfaces 

and react internally with specific elements, compounds, or the metal matrix, leading to the 

formation of metallic compounds like metal hydrides, even at relatively low temperatures 

[12]. A typical reaction involves hydrogen and iron carbides, resulting in the production of 

methane, as shown in the following equation:  

   4𝐻 + 𝐹𝑒3𝐶 = 𝐶𝐻4 + 3𝐹𝑒  (3-1) 

Once dissociated, hydrogen atoms can diffuse into the metal’s crystal lattice due to its small 

size and this diffusion by tunnelling [13,14], a situation where hydrogen atoms penetrate a 

potential barrier (grain boundary) higher than the kinetic energy itself and are influenced 

by the metal’s structure and temperature [15]. This is followed by interactions with the 

crystal lattice which are dominant in determining the properties of the metal.  
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Figure 3-2 Schematic diagram of hydrogen embrittlement mechanism 

Hydrogen atoms that move around in the crystal lattice are referred to as diffusible 

hydrogen, and trapped hydrogen is non-diffusible and resides around various crystal 

imperfections. In steel pipelines in particular, hydrogen atoms diffuse through interstitial 

sites, with octahedral sites being preferentially occupied at high temperatures and 

tetrahedral sites at low temperatures [16]. These imperfections serve as traps for hydrogen 

atoms, which include vacancies, dislocations, grain boundaries, solutes, precipitates, 

inclusions, and interfaces as shown in Figure 3-3 [17–19]. At these imperfections, these 

atoms can either be strongly trapped and irreversible which will not be released during 

service or weakly trapped hydrogen residing in reversible or shallow traps which can be 

released during service [4]. As hydrogen diffuses into voids and microcracks pressure is 

built up on these points. Also, the influence of a stress gradient occurs as more hydrogen 

diffuses where the hydrogen interacts with the metal lattice to reduce its cohesive strength. 

The hydrogen decreases the surface energy at the tip of any crack subjected to tensile 

stresses thereby reducing its fracture strength. 
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Figure 3-3 Diagram illustrating hydrogen trapping at different sites within pipeline steel: 

a) interstitial sites, b) surface traps c)subsurface traps d)grain boundary traps, 

e)dislocation traps, f) vacancy traps [7,18]. 

Hydrogen environment embrittlement occurs when materials are exposed to a hydrogen 

atmosphere, particularly affecting those with low hydrogen solubility like metals with 

body-centred cubic (bcc) and hexagonal close-packed lattice structures [12,20]. It is most 

severe at 20°C, low strain rates, and under high hydrogen purity and pressure [21]. 

Hydrogen stress cracking or internal embrittlement which occurs as a result of the 

unintentional introduction of hydrogen into susceptible metals during forming or finishing 

operations, affects ductile steels containing mobile hydrogen under sustained loads 

between a specific threshold and yield strength, leading to brittle fractures [12]. As material 

strength increases, the threshold stress decreases, resulting in reduced elongation and area 

in tensile tests for steels [5,20,22]. 

HE manifests in two distinct forms. Firstly, subcritical crack growth occurs when stress 

exceeds a threshold level below the material's yield stress [5,6]. At this critical stress 

juncture, hydrogen becomes highly concentrated at the crack tip, leading to the absorption 

of hydrogen atoms and initiating embrittlement within the material. Secondly, fracture 

initiation arises at stress levels lying between the yield stress and the UTS [23]. Fracture 

initiation mechanisms may involve micro-void coalescence, akin to fractures occurring in 

air, or a more brittle fracture mode originating from the surface. Upon reaching a critical 

crack length, as determined by Griffith's equation, fracture develops. Understanding these 

categorizations is vital for comprehending the complexities of hydrogen embrittlement and 

its implications for material integrity and safety.  

In general, the factors affecting embrittlement are the local stress and plastic strain, the 

strength of the microstructural interfaces such as the grain boundaries [24,25] and the 

environment [6]. High-strength steels are generally more susceptible to hydrogen 
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embrittlement due to their increased strength when they are exposed to hydrogen-

containing environments, such as during electroplating, corrosion, or exposure to hydrogen 

gas [26,27]. This occurs because the γ-austenite phase undergoes a transformation to BCC 

α'-martensite under deformation, a process known as strain-induced martensite. The α'-

martensite phase has higher diffusivity than the γ-austenite phase [28], creating a rapid 

pathway for hydrogen to reach grain boundaries and localized stress areas, such as 

microcracks, where it can facilitate embrittlement [4,29–31]. Because of the small size of 

hydrogen atoms, they permeate steels in atomic form, and this can significantly 

compromise the structural integrity of the metal, leading to catastrophic failures, 

particularly in critical applications such as aerospace, automotive, and oil and gas 

industries. Moreover, the concentration of hydrogen within the metal lattice or at grain 

boundaries affects susceptibility, as higher concentrations lead to increased pressure and a 

higher likelihood of embrittlement cracking. 

Hydrogen migration in metals can be categorized into reversible and irreversible forms 

[25]. In reversible HE, hydrogen atoms migrate and gather at potential crack initiation sites, 

resulting in delayed fracture of the alloys. Conversely, irreversible HE involves hydrogen 

atoms combining to form molecules at defect sites, creating high-pressure hydrogen gas 

and inducing cracking. While reversible HE can be mitigated through hydrogen removal 

treatments, irreversible HE persists even after such treatments. 

3.2.1 Recall of experimental methods and hydrogen kinetic models used to 

measure the entry and exit of hydrogen in metals 

Absorption of hydrogen in pure iron exceeds the solubility limit due to trapping at defects. 

To evaluate the quantity of hydrogen within a metal, and the effects of trapping sites, 

several methods have been developed such as linearly increasing stress test techniques 

(LIST), constant extension rate test (CERT), slow strain rate testing (SSRT) [5], 

Electrochemical impedance spectroscopy (EIS). The most commonly used methods include 

the thermal desorption analysis (TDA) where the hydrogen desorption rate is measured as 

a function of temperature [4]. The binding energies of traps and their corresponding specific 

hydrogen capacities are quantified from measured results. These results can be analysed 

using several methods like the reaction kinetics model, McNabb–Foster trapping–de-

trapping model and hydrogen local equilibrium model [4]. These TDA approaches will not 

be used in this research and hence will not be discussed beyond this section. 
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Another technique used to experimentally determine the trap behaviour of hydrogen is the 

measurement of permeability rate through a metallic membrane [4,5]. To achieve this, a 

Devanathan–Stachurski (DS) cell is used [32]. The DS cell is a system consisting of two 

separate electrolytic cells, divided by the sample under investigation. In the cathodic 

compartment, hydrogen is produced electrochemically and absorbed at the surface of the 

sample before diffusing through its bulk. Once the hydrogen diffuses through the sample, 

it is oxidized at a constant potential in the anodic compartment, where the anodic current 

is continuously measured. The amount of hydrogen that diffuses through the sample is 

directly proportional to the measured oxidation current. Because currents can be measured 

with high accuracy, the DS method is a highly sensitive and precise technique for 

determining hydrogen flux over time. To ensure the reliability of this method, the 

conditions at each membrane surface within each compartment must be well defined, with 

impurities and surface effects minimized to focus on bulk diffusion. This can be quite a 

challenge when comparing with various metals as is the case in this research. 

Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) are 

widely used analytical techniques for examining the internal microstructure of materials, 

as well as assessing the impact of hydrogen on microstructure and material characterization. 

SEM is particularly user-friendly, and versatile, and is often the preferred method [5]. The 

electron beam is concentrated, shaped, and narrowed into a fine spot on the specimen. Real-

time observation and image capturing of the specimen surface are facilitated by the 

specimen stage, electron beam scanning coils, and signal detection and processing 

equipment. Meanwhile, TEM is also an approach that has been used to detect hydrogen 

atoms in metals only in very specific situations [33], such as at the macroscopic level for 

hydrides [34] and also at the atomic scale for hydrides [35]. 

3.2.2 Advances in experimental techniques used to detect hydrogen atoms in 

metals 

Xray and electron diffraction are the two common techniques which are arguably the 

standard materials analysis methods, but they do not interact appreciably with hydrogen 

[4]. This lack of interaction is due to the combination of the hydrogen’s low electron and 

x-ray cross-section, which originates due to the small electron cloud [33]. In steels, in 

particular, this is further complicated by the low solubility of hydrogen, which under 

normal conditions may be on the order of ppm. An alternative approach to this is the use 

of neutron scattering [4]. A hydrogen nucleus will scatter more strongly in steel than in 
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iron[36,37]. However, this technique requires access to costly neutron sources, which are 

generally not available. Additionally, as a diffraction method, it involves a beam that is 

challenging to control due to its inherently lower interaction compared to x-rays or electron 

sources. As a result, this method will not be utilized in this research; however, it provides 

valuable insights into alternative approaches that could be considered. 

As described above, TEM is not the most effective method for detecting low hydrogen 

concentrations in bulk materials or hydrogen isolated to complex features like dislocations. 

However, evidence of hydrogen interaction with dislocations has been observed using TEM 

when samples are exposed to hydrogen in a specialized environmental cell. This exposure 

causes otherwise stationary dislocations to move, and they stop moving when the hydrogen 

is removed. This effect demonstrates that even at low hydrogen concentrations, the energy 

barriers to dislocation motion can be lowered [4,38]. 

Another microscopic imaging method is an indirect technique called microprinting [4]. In 

this approach, hydrogen is diffused through the material and made to interact with a 

chemical species like silver, forming silver crystals in areas where hydrogen is present. 

These images often reveal silver formation at grain boundaries or around inclusions, 

suggesting that hydrogen preferentially diffuses at or near these microstructural features. 

This observation indicates that hydrogen may enter the material at higher rates than bulk 

diffusion analyses would suggest. 

3.3 Sources of hydrogen involved in hydrogen embrittlement 

Sources of hydrogen contributing to embrittlement are encountered throughout various 

stages, including production, part processing, welding, hydrogen gas storage or 

containment, and environmental contamination. Hydrogen can also be generated through 

corrosion reactions such as rusting, cathodic protection, and electroplating. Additionally, 

hydrogen may be intentionally introduced into systems like blending natural gas with 

hydrogen and introduced into reactor coolant systems to eliminate oxygen. The entry of 

hydrogen, a necessary condition for embrittlement, can occur through several pathways, as 

outlined below. There are three typical sources of hydrogen embrittlement and hydrogen 

damage [39,40]: i) internal (residual) hydrogen from the manufacturing process, (ii) 

hydrogen from internal/external reactions and (iii) external hydrogen which enters into 

metal from the environment. Therefore, hydrogen embrittlement phenomena can be divided 
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into two categories depending on the source of the offending hydrogen supplied: internal 

HE (IHE) and external-environmental HE (EHE) 

3.3.1 Internal hydrogenation through the manufacturing process 

Hydrogen entering metals often occurs during various manufacturing, processing, and 

thermal procedures, such as welding, casting, surface chemical cleaning, electroplating, 

electrochemical machining, and heat treatment (HT). When hydrogen enters metal during 

manufacturing and processing, it is referred to as "internal" hydrogen [40,41]. To mitigate 

this risk, a final baking heat treatment is often employed to expel any hydrogen absorbed 

during these processes [42]. 

3.3.2 Hydrogen from internal/external reactions 

Internal hydrogen can be generated and readily enter metal in atomic form due to various 

external electrochemical corrosion reactions on the metal surface during its manufacturing 

and processing, which produce hydrogen as a byproduct. This atomic hydrogen is referred 

to as internal/external "cathodic" hydrogen. Conversely, hydrogen in molecular form in 

contact with the metal surface cannot penetrate the metal [40,43]. Also, in circumstances 

where corrosion reactions occur, hydrogen can be produced as a by-product. For instance, 

when the hydrogen production reaction acts as the cathodic reaction, some of the hydrogen 

generated may enter the metal in atomic form rather than being completely evolved as a 

gas into the surrounding environment [41–43]. In such situations, cracking failures are 

often similar to stress corrosion cracking. If hydrogen sulphide is present and causes the 

entry of hydrogen into the component, the cracking phenomenon is often referred to as 

"sulphide stress cracking (SSC)”. 

3.3.3 Diffusible hydrogen from the environment 

Metals can experience hydrogen uptake and permeation when exposed to different 

environments (external hydrogen sources), leading to phenomena like hydrogen 

environment-assisted cracking, external-environmental HE and hydrogen-induced crack 

initiation [40]. These processes usually happen when metals are exposed to aqueous 

environments like water, water solutions, and humid air, or during corrosion processes 

where hydrogen is a byproduct on the metal surface. Other common external sources of 

hydrogen include hydrogen-rich atmospheres or gaseous hydrogen. These external 

hydrogen sources can originate from exposure to gaseous hydrogen at high pressure and 
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temperature (external "gaseous" hydrogen) or from cathodic electrochemical reactions 

during corrosion processes on the metal surface (external "cathodic" hydrogen) [41]. 

3.4 Overview of Advances in HE 

The literature review on hydrogen embrittlement will predominantly centre on metallic 

materials, with a primary focus on understanding the S-N behaviour within the hydrogen 

environment.  

There exist complex mechanisms underlying the HAFCG behaviour of commercially pure 

iron under hydrogen gas pressure and varying stress conditions. Under specific hydrogen 

gas pressure, loading frequency, and stress intensity factor range ΔK conditions, Hydrogen-

Affected Fatigue Crack Growth (HAFCG) has three distinct HAFCG rate regimes [44,45]: 

a non-accelerated regime at low ΔK values, a transition regime, and an accelerated regime 

at high ΔK values, where the fatigue crack growth rate enhancement in hydrogen can reach 

up to 50 times higher than in air. For instance, in the X80 pipeline both base metal and weld 

metal, the fracture toughness of the base metal was decreased by 7.92% and the weld metal 

by 39.36% [46]. Similarly, the fatigue life curve under 0.7 MPa hydrogen gas closely 

resembled that in air, while under 115 MPa hydrogen gas, fatigue life was significantly 

diminished within a relatively short fatigue life regime. While fatigue-fractured specimens 

tested in air and 0.7 MPa hydrogen gas displayed typical ductile characteristics, those tested 

in 115 MPa hydrogen gas exhibited a distinct fracture surface devoid of shear-lip, appearing 

entirely flat in the final fracture region[47–49]. Thus, hydrogen gas significantly influences 

fatigue crack growth and fracture toughness in metallic materials [50]. This underscores 

the importance of understanding the effects of hydrogen on material behaviour, particularly 

in industries where hydrogen exposure is common, such as hydrogen-blended natural gas 

or coal gas transportation. 

 Nickel contents of austenitic stainless steel also have an impact on the S-N curve [48]. 

Varying nickel contents (12.6–13.7 wt%) under high pressure gaseous helium and 

hydrogen at -50°C, due to the temperature-dependent nature of hydrogen effects, with 

maximum effects anticipated at this temperature, a notable decrease in low cycle fatigue 

life due to hydrogen was observed in the steel with 12.6 wt% Ni. The S-N curve in hydrogen 

shifted to lower stress values compared to the reference curve in helium, although the slopes 

of the two curves were similar [51]. The influence of hydrogen diminished with increasing 

nickel content.  
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Additionally, test frequency and hydrogen pressure test conditions also impact the S-N 

behaviour of the materials [48,51].  Fatigue crack growth rate of specimens charged in high-

pressure hydrogen gas and tested under specific conditions of  R and frequency was notably 

higher when the testing frequency was reduced [52]. In a higher stress amplitude regime, 

the presence of hydrogen gas led to a significant degradation in fatigue life. Conversely, in 

a lower stress amplitude regime, the fatigue life appeared to be unaffected by the presence 

of hydrogen gas when compared to tests conducted in air [53]. However, no discernible 

difference in fatigue limits was observed between the uncharged specimens and those 

subjected to high-pressure hydrogen gas, tested under varying conditions of R and 

frequency at 20 and 500 Hz. More so, high-cycle fatigue tests were conducted at a 

frequency of 20 Hz in 0.1 MPa revealing that the fatigue limit of the smooth specimen 

increased in hydrogen gas compared to that in air. However, the fatigue limit of the deep-

notched specimen remained unchanged from that observed in the air. Additionally, 

hydrogen was found to assist in the development of persistent slip bands [54].  

To examine the impact of hydrogen gas on the fretting fatigue strength of austenitic 

stainless steel, the fretting fatigue strength in hydrogen gas was notably lower than that in 

air, with variations in tangential force among environments identified as a contributing 

factor [55,56]. Analysis of fretted samples indicated hydrogen absorption during fretting in 

a hydrogen gas environment [57]. It was observed that the major crack leading to specimen 

failure originated from one of the small cracks emanating at the adhered spots. Notably, 

preventing adhesion resulted in no reduction in fretting fatigue strength in hydrogen gas, 

as it prevented the formation of small cracks. In contrast, the small cracks, which had the 

potential to propagate in hydrogen gas, became non-propagating cracks when tested in air. 

This suggests that the stress conditions around the local adhesion were more severe 

compared to those in the air. 

The temperature impact on the fatigue properties in a hydrogen environment was also 

investigated. Tension-compression tests were carried out on smooth specimens of two types 

of steels, a tempered martensitic microstructure and carbon steel, with a ferrite/pearlite 

microstructure in both nitrogen and hydrogen gas environments under a pressure of 115 

MPa at three different temperatures: 233 K, room temperature, and 393 K [58]. At room 

temperature, these steels exhibited no noticeable degradation in fatigue strengths when 

tested in hydrogen gas, particularly in the relatively long-life regime.  
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In the work done by Refs  [45,59], fatigue initiation resistance was assessed for API 5L 

X52 gas pipe steel using Roman Tile specimens, with fatigue initiation detected via 

acoustic emission. A comparison was made between specimens electrolytically charged 

with hydrogen and those without hydrogen absorption. It was observed that when hydrogen 

embrittlement occurred, the fatigue initiation time was reduced by approximately threefold. 

Considering fatigue properties in the LCF, the detrimental effect of hydrogen on fatigue 

life becomes apparent although no significant influence on the fatigue limit was observed. 

Interestingly, no significant influence of hydrogen was observed on the elastic component 

or the cyclic hardening/softening behaviour of the material [60]. The strain ranges of the 

cyclic hysteresis loops for hydrogen-charged specimens were smaller compared to 

uncharged specimens under a constant stress amplitude test. However, no significant 

difference was observed in either the fatigue life or the crack growth curve between 

uncharged specimens and those charged with hydrogen, with a hydrogen content of 

approximately 0.5 ppm [61].  

Additionally, Ref [62] conducted fatigue tests on cold-drawn eutectoid steels with varying 

activation energies for irreversible hydrogen trap sites and sensitivities to hydrogen 

embrittlement. The aim was to explore the mechanism of fatigue strength degradation 

caused by irreversible hydrogen. Results indicated that the fatigue strength decreased in 

samples with low activation energy due to irreversible hydrogen, while those with high 

activation energy remained unaffected. Interestingly, annealing a sample with high 

activation energy at 473 K led to a decrease in fatigue strength caused by irreversible 

hydrogen. It was concluded that high sensitivity to hydrogen embrittlement contributes to 

the degradation of fatigue strength by irreversible hydrogen, despite similar ease of 

irreversible desorption through cyclic loading before and after annealing. 

In summary, the examination of the state of the art suggests that while the yield stress, 

ultimate strength, and fatigue endurance limit remain relatively unchanged, crucial 

properties such as elongation at failure, fracture toughness, and resistance to fatigue crack 

propagation are significantly diminished in the presence of hydrogen. In particular, it has 

been observed that the crack growth rate increases when hydrogen is present, with the 

extent of its detrimental effect depending on various factors including microstructural 

features, temperature, pressure, and loading frequency. Generally, the presence of 

hydrogen leads to an approximately tenfold increase in crack growth rate. Regarding crack 
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initiation behaviour, hydrogen seems to have a slight impact on medium-cycle fatigue, 

although proper statistical investigations are lacking in this area. However, in the high-

cycle fatigue regime, the effect of hydrogen on crack initiation appears to be minimal, with 

some suggesting it may even be negligible. These observations hold for metallic materials 

containing stress concentrators. Moreover, fretting fatigue strength is notably reduced by 

the presence of hydrogen, which can pose challenges, particularly in mechanical joint 

applications. 

3.5 Hydrogen Embrittlement Mechanism 

Extensive research has focused on understanding how hydrogen causes failure in metals, 

with various hydrogen embrittlement mechanisms proposed in the literature. However, no 

single mechanism is considered solely responsible for hydrogen embrittlement. In some 

cases, multiple mechanisms may act simultaneously [4,40,63]. Some of the very popular 

mechanisms include: the hydrogen pressure theory, the hydrogen-induced phase 

transformation (HIPT) theory, the hydrogen-enhanced decohesion mechanism (HEDE), the 

hydrogen-enhanced localized plasticity mechanism (HELP) and the hydrogen-enhanced 

strain-induced vacancies (HESIV) have been proposed to explain HE phenomena 

[4,39,40,42,43]. 

3.5.1 Hydride formation mechanism 

This embrittlement mechanism primarily affects alloy systems with a high propensity for 

hydride formation [3,17,64]. Hydrogen, acting as an interstitial solute in the metal lattice, 

rapidly diffuses and accumulates at areas of high hydrostatic stress, such as the crack tip as 

in Figure 3-4A. When hydrogen concentration surpasses solubility limits, hydrides form as 

in Figure 3-4b, and brittle hydride cleavage occurs along the crystallographic direction 

where the hydride forms. The crack is halted when it encounters the ductile matrix, 

initiating another cycle of this process. Crack propagation can be further accelerated by the 

presence of pre-existing hydrides along the crack path within the microstructure. 
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Figure 3-4 The mechanism of hydride-induced hydrogen cracking in sub-critical crack 

propagation [3] 

3.5.2 The hydrogen-induced phase transformation (HIPT) theory  

Face-centred cubic alloys like austenitic stainless steels can undergo significant structural 

changes in the surface layer when subjected to hydrogen charging due to a large 

supersaturation of hydrogen. This phenomenon is known as hydrogen-induced phase 

transformation (HIPT). This involves two types of transformations hydride formation and 

hydrogen-induced martensitic transformation [4]. In hydride-forming systems, 

embrittlement happens when hydrides form at stress concentrations and are subsequent 

cleavage of the hydride. This process and associated cleavage fracture are observed in 

systems where hydrides are stable or can be stabilized by stress [65]. Since the hydride 

phase is generally brittle, the crack propagates in a cleavage-like fashion through the 

hydride phase or along the hydride-matrix interface as seen in Ti. 

Hydrogen-induced martensitic transformations consist of the FCC 𝛾𝐻𝑦𝑑𝑟𝑖𝑑𝑒 phase which is 

larger because of a higher hydrogen concentration transforming into (1) an HCP phase (∈-

martensite) and (2) a BCC phase (-martensite). According to ref [66], steels tested in 

aggressive environments exhibited a transformation from γ to BCC α near the crack, with 

fractures occurring predominantly through the α phase. Conversely, steels tested in less 

aggressive environments showed little to no α phase formation near the fracture surface. 

Therefore, the γ to BCC α transition is crucial in HE of stainless steels and enhancing the 
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stability of the γ phase improves resistance to HE. Austenitic stainless steels are more 

vulnerable to HE due to the above explained reason [4,30]. In addition, the harmful impact 

of hydrogen in α'-martensite is also linked to its reduced solubility in this phase. 

In summary, the HIPT mechanism revolves around the creation and breaking of hydrides 

at the tips of cracks [40]. It's believed to work in a few steps [31,39]: first, hydrogen moves 

to areas of high hydrostatic stress at the crack tip. Then, a hydride phase forms and grows. 

Thirdly, when it reaches a certain size, the occurrence of a crack along a specific cleavage 

plane within the hydrides appears, and lastly, the hydride fractures or arrest of the crack at 

the interfaces between the matrix and hydrides, as shown in the figure below.  

 

Figure 3-5 Hydride formation and fracture mechanism [25,40] 

The hydride mechanism operates only within specific temperature and strain-rate ranges 

where hydrogen can diffuse to areas ahead of crack tips. Additionally, it's active only at 

temperatures where the hydride phase remains stable, typically resulting in brittle 

behaviour. The mechanism is summarised in Figure 3-5. 

3.5.3 The hydrogen-enhance decohesion (HEDE) theory  

This is sometimes referred to as hydrogen-induced decohesion (HID) [4]. It is hydrogen 

tends to diffuse to areas of high stress, similar to that found ahead of a crack tip, with the 

density of the hydrogen trapping sites increases along a crack path. This leads to a reduction 

in atomic cohesion as more hydrogen diffuses. The predominant experimental proof 

observed as a reduction in the crack-tip-opening angle with increasing hydrogen content is 

explained in Ref [67] and shown in Figure 3-6. 
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Figure 3-6 Effect of Hydrogen on the Crack Tip Opening Angle in: (a) Vacuum and (b) 

Hydrogen Atmosphere. [67] 

In addition to reducing the atomic cohesion, ref [68] suggests using the Irwen–Orowan–

Griffith theory that during the propagation of a brittle crack, the energy is expended not 

only for bond breaking but also for the emission of dislocations. 

According to this concept, hydrogen weakens the cohesive bonds between metal atoms, 

making them more susceptible to separation even under low tensile stress [39,40]. As the 

concentration of hydrogen in a localized area increases, the weakening effect on the 

interatomic forces becomes more pronounced [31]. In intergranular fracture scenarios, 

hydrogen accumulates at the boundaries between metal grains, diminishing the cohesive 

forces among atoms within the metal structure [69]. This phenomenon leads to 

intergranular fracture or quasi-cleavage [70], similar to the effects of certain impurity 

elements such as sulphur, phosphorus, and bismuth, which also disrupt atomic cohesion 

along grain boundaries. This is shown in Figure 3-7 where the material can undergo plastic 

deformation and fracture under lower stress when hydrogen atoms accumulate in a region. 

Fracture typically occurs at the critical crack-tip opening displacement [71]. 

 

Figure 3-7 Illustration of HEDE mechanism [71] 

Models have been used to quantify the HEDE under dynamic loading.  One model uses two 

considerations to model the evolving equations for crack growth [72]: a) the growth rate in 

the absence of hydrogen and b) the growth rate in line with the plastic deformation and 

operating HE mechanism. Under similar conditions, ref [73] suggested a unified model that 
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resembles Paris law, while a model that uses a cohesive zone to describe the increment in 

the stress intensity factor has been formulated [74] where the Forman equation was used to 

predict the crack propagation rate. The crack growth rate is also modelled to be inversely 

proportional to the hydrogen concentration [75]. 

3.5.4 The hydrogen-enhanced localised plasticity (HELP) theory 

The HELP theory suggests that hydrogen embrittlement occurs due to increased dislocation 

mobility in the presence of hydrogen [4,76]. According to this theory, hydrogen shields the 

elastic stress field around dislocations, which enhances their mobility and promotes slip 

localization. Substantial evidence supports the HELP mechanism in FCC metals [77]. For 

instance, experiments have demonstrated that hydrogen encourages slip planarity in FCC 

metals. The stacking fault energy (SFE) in FCC metals decreases with the presence of 

hydrogen, leading to greater dislocation mobility in areas of high stress concentration 

[4,78]. As SFE decreases, the work needed for partial dislocation constriction increases, 

limiting cross-slip. Hydrogen also reduces the repulsive forces between dislocations, 

facilitating their movement and allowing them to accumulate against barriers like grain 

boundaries and carbides. Additionally, hydrogen tends to migrate to the strain fields around 

dislocations, forming a Cottrell atmosphere that lowers yield strength, likely due to 

hydrogen screening the dislocations' elastic field. 

Evidence supporting failure through hydrogen-enhanced localized plasticity in various 

steels has been obtained through macroscopic flow stress measurements, fractographic 

analysis, in situ TEM studies, observations of dislocation motion, and theoretical models 

[78]. This enhanced plasticity, leading to localised plastic failure, indicates that hydrogen 

promotes shear decohesion along slip planes, which differs from the traditional 

understanding of embrittlement. 

In summary, this mechanism stipulates that hydrogen facilitates dislocation proliferation 

and motion, causing local dislocation pileups with premature failure of the material [39–

41]. This mechanism has focused research attention on the interaction between the 

hydrogen atmosphere and dislocations and is primarily utilized to understand plastic traces 

on the fracture surfaces such as dimple fracture in hydrogenated alloys [31,44]. Unlike the 

HEDE mechanism, plasticity of the alloy plays a significant role in hydrogen-assisted 

fracture in the HELP mechanism [69,79]. 
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Figure 3-8 HELP mechanism, which involves a process of microvoid-coalescence. 

 

3.5.5 The hydrogen-enhanced strain-induced vacancy (HESIV) mechanism 

The hydrogen-enhanced strain-induced vacancy (HESIV) formation theory proposes that 

hydrogen increases the density and clustering of vacancies in metals [4]. These vacancies 

can coalesce into microvoids, which may further merge to form larger voids, ultimately 

reducing the material's resistance to ductile failure [80]. This effect was evident during 

tensile and fracture toughness testing of hydrogen-charged samples, where the fracture 

surface typically appears flat with some irregular ridges, exhibiting a quasi-cleavage 

fracture morphology. To verify hydrogen's impact on vacancy formation, ref [81] observed 

the hydrogen-induced increase in vacancy generation during deformation through positron 

lifetime measurements. Similarly, ref [82] found that the vacancy density in iron 

significantly increases compared to that at thermal equilibrium when exposed to a high-

pressure, high-temperature hydrogen atmosphere. This suggests a reduction in the 

formation energy of vacancies due to iron–hydrogen interactions.  

 

Figure 3-9 HESIV and HELP Schematic of macro- and micro-mechanism in Ref [4] 
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Although HESIV alone does not provide a definitive mechanism for embrittlement, ref [63] 

have proposed a combined mechanism involving HELP, HESIV and nanovoid coalescence 

to explain fracture failure by quasi-brittle fracture, as demonstrated in Figure 3-9. Thus 

HESIV mechanism suggests that hydrogen speeds up the creation of strain-induced 

vacancies and stabilizes vacancy clusters, as also supported by evidence from positron 

annihilation lifetime spectrum and molecular dynamics results [25,79]. Consequently, these 

vacancy clusters promote the initiation and growth of voids, leading to premature failure 

3.5.6 The adsorption-induced dislocation emission (AIDE) 

Hydrogen-assisted cracking is attributed to the adsorption of hydrogen at the crack tip 

otherwise known as adsorption-induced decohesion mechanism (AIDE) [4]. Embrittlement 

of metals in aqueous or hydrogen environments has been observed even at crack velocities 

too high for hydrogen to diffuse ahead of the cracks [40,83,84]. This observation further 

supports a mechanism involving hydrogen adsorption at crack tips. Metallographic and 

fractographic studies of crack growth reveal that environmentally assisted cracking occurs 

through more localized plastic flow and microvoid coalescence [85]. Specifically, 

adsorption facilitates the emission of dislocations from crack tips, which in turn promotes 

the coalescence of cracks with voids ahead of them. Thus AIDE mechanism operates by 

aiding the emission of dislocations through the presence of adsorbed hydrogen atoms 

[39,40,44]. In this process, hydrogen atoms adhering to the surface or residing just below 

it weaken the bonds between atoms, facilitating the initiation of dislocations at the crack 

tip. This, in turn, amplifies the local plastic deformation near the crack tip [84]. This is 

illustrated in the figure below. 

 

Figure 3-10 Schematic diagram illustrating the AIDE mechanism in hydrogen environment 

embrittlement, which involves crack growth by alternate-slip (for transgranular paths) from 

crack tips, facilitating coalescence of cracks with voids formed in the plastic zone ahead of 

cracks [40,84] 
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The concept of enhancing Fatigue Crack Growth (FCG) through AIDE shares similarities 

with the HELP mechanism [40]. However, a key distinction lies in the fact that AIDE 

involves hydrogen adsorption in the subsurface, while HELP's effect is attributed to the 

presence of solute hydrogen within the material. 

3.5.7 The hydrogen pressure theory (HTP) 

According to this theory, hydrogen atoms preferentially segregate at defect locations in the 

metal, such as micro-voids and inclusion sites [23]. Then, locally accumulated hydrogen 

atoms are combined into hydrogen molecules [17,86]. As time goes on, hydrogen atoms 

around these defects continuously diffuse toward the defect sites and produce a high 

hydrogen gas pressure which forms a load in the metal. As the pressure increases, the 

atomic bonds in the local region break, leading to crack initiation only when the local 

hydrogen gas pressure exceeds the critical strength of the material, hydrogen-induced 

cracking takes place. Hydrogen then diffuses into the initiated crack and this crack 

propagation then extends into a larger ladder-like crack [87], accelerating the overall 

fracture process [23,88]. HTP is often the reason why hydrogen-induced cracking and 

hydrogen bubbling occurs in metals without external loads.  

3.6 Fatigue properties of pipeline metals in hydrogen environments 

Having discussed the impact of hydrogen on metals and the various mechanisms by which 

hydrogen diffuses through them, this section will focus on assessing fatigue behaviour in a 

hydrogen environment. The goal is to understand how hydrogen influences the fatigue life 

of materials and to explore the factors contributing to hydrogen-assisted fatigue failure. 

Although most practical failures occur through fast fracture [89,90], hydrogen also impacts 

the fatigue properties of metals. This is unsurprising given the embrittlement mechanisms 

associated with fast fracture. Typically, hydrogen embrittlement has a significant influence 

on high-stress, low-cycle fatigue, but has minimal effect on high-cycle fatigue [12]. The 

HE effect will be discussed in this section by calculating the HE index, defined as [19,91]: 

   𝑒𝑞𝑢𝑎𝑙𝐻𝐸𝐼 (%) =
𝐸𝐿0 − 𝐸𝐿𝐻

𝐸𝐿0
× 100% (3-2) 

Where 𝐸𝐿0 is the elongation charged for 0 hours and 𝐸𝐿𝐻 is the percentage elongation 

charged with hydrogen for a different length of time. 
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3.6.1 Effect of hydrogen pressure on fatigue properties of pipeline metals 

For high-pressure hydrogen gas, hydrogen dissolution occurs in three steps [18]: First, 

physical absorption takes place on the solid surface due to van der Waals interactions 

between the hydrogen gas and the surface. The second step is chemical absorption, which 

occurs within a single atomic layer due to short-range chemical interactions. Lastly, in the 

third step, hydrogen atoms dissolve as they diffuse into the material's interior, driven by the 

hydrogen concentration gradient [92]. The dissolved hydrogen concentration is dependent 

on the hydrogen gas pressure and is described by Sieverts’ law [18,88]: 

   𝐶𝐻 = 𝑆√𝑃𝐻2
  (3-3) 

In which 𝐶𝐻 is dissolved hydrogen concentration, S is the solubility constant at a constant 

temperature [17] and 𝑃𝐻2
 is the hydrogen partial pressure. Higher hydrogen pressure 

therefore increases a metal's susceptibility to HE [93] is in agreement with the equation 

above as well as Figure 3-11in ref [19]. This occurs because higher pressure results in a 

greater concentration of hydrogen atoms within the metal, allowing them to interact with 

defects and further weaken the material. 

 

Figure 3-11 HE index as a function of hydrogen pressure [19] 

For pipeline steels, the HE susceptibility of pipeline steel progressively increases with 

rising hydrogen partial pressure, leading to a significant acceleration of fatigue crack 

growth [18,19]. As hydrogen pressure increases, the irregular movement of hydrogen 

molecules intensifies, leading to more collisions with steel surfaces, which accelerates the 

dissociation and adsorption of hydrogen. This results in more hydrogen atoms diffusing 
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into the steel. The effect of hydrogen partial pressure on hydrogen diffusion is reflected in 

the fracture morphology as shown in Figure 3-12 [19]. 

 

Figure 3-12 Fracture morphologies of X52 pipeline steel specimens exposed to hydrogen 

for 48 hours at varying pressures (a1-a3) at 0.3MPa, (b1-b3) at 0.8MPa and (c1-c3) at 

2MPa [19] 

At lower pressures (0.3 and 0.8 MPa), fractures show a mix of brittle, dimple, and ductile 

shear zones, with a small brittle fracture zone forming a ring inside the specimens. As 

hydrogen pressure rises to 2 and 4 MPa, the dimple zone disappears, and fractures consist 

only of brittle and ductile shear zones. The size of the brittle fracture zone increases with 

hydrogen pressure, and when it becomes large enough, the fracture shifts directly to a 

ductile shear mode, bypassing the dimple zone. 

According to ref [94], high-strength hydrogen steel pipelines present a promising solution 

for reducing costs. The natural gas industry uses thin-walled, high-strength pipes to achieve 

similar cost savings, suggesting potential benefits for hydrogen infrastructure as well. 

Another question to address here is whether hydrogen gas at 0.8MPa pressures (8bars) can 

cause significant degradation. Figure 3-11 shows a change in the HEI of X52 steel at this 
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pressure compared to lower pressures, though this change is not as pronounced as at higher 

pressures. This aligns with Sieverts' equation, and the fractography summarized in Figure 

3-12 highlights variations resulting from changes in hydrogen gas pressure including 

pressures of about 0.8MPa. therefore, the charging pressure of 8 bars (0.8MPa) used in this 

study is capable of producing significant degradation in pipeline materials. 

3.6.2 Effect of hydrogen temperature on fatigue properties of pipeline metals 

As seen earlier, the diffusion of hydrogen atoms into steel involves adsorption and 

desorption processes on the steel surface. Temperature changes influence these processes 

[95], and the atomic concentration which affects the fracture mode from ductile to brittle. 

However, according to ref [91], temperature is the most complicated factor that affects HE 

in pipeline metals. An increase in temperature can enhance HE by increasing hydrogen 

atom generation on the steel surface as well as facilitating its diffusion [96]. It also raises 

the number of transferred charges, resulting in higher hydrogen atom concentration on the 

surface [97,98]. In addition, the solubility of hydrogen in a metal is temperature dependent 

[4,10]. Consequently, the adsorption and desorption behaviours cause variations in the 

surface coverage of hydrogen atoms, making it challenging to quantify hydrogen 

concentration on the metal surface as temperatures fluctuate. However, the temperature-

induced softening effect in metals like steel suggests that the fracture toughness of pipeline 

steel tends to increase as the temperature rises [91]. In Figure 3-13a strain-stress curves 

show that the elongation of X70 steel charged with a 20mA/cm2 charging current at 

different temperatures can be used to assess the susceptibility of the material to HE.  
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a) 

 

b) 

Figure 3-13 a) The strain-stress curves of X70 steel at 20mA/cm2 charging rate b) Hydrogen 

Embrittlement index different charging rates [91] 

The yield strength is the point at which plastic deformation begins to dominate due to 

dislocation movement. An increase in yield strength indicates that plastic deformation is 

being restricted. When a material is exposed to hydrogen, the yield strength may show a 

slight increase, while elongation significantly decreases as seen in this figure. This 

phenomenon suggests hydrogen-induced inhibition of dislocation emission and a loss of 

toughness. Figure 3-13b shows the HEI at different charging rates and at different 

temperatures for X70 steel. This figure shows the different patterns in adsorption and 

desorption rates as temperature changes which confirms the complexity of this 

characteristic. 

3.6.3 Effect of hydrogen charging time on fatigue properties of pipeline metals 

When pipeline materials are exposed to a hydrogen environment, hydrogen molecules 

dissociate into atoms that enter them through adsorption and diffusion. These atoms 

become trapped at various sites such as vacancies, dislocations, precipitates, inclusions, 

and grain boundaries. As hydrogen charging time increases, more atoms are trapped. Once 

the hydrogen concentration surpasses a critical threshold, irreversible damage such as 

microcracks and hydrogen bubbles can form, reducing the steel's plasticity and leading to 

premature fracture. Prolonged hydrogen exposure increases the risk of cracks and 

accelerates failure. 

The stress-strain curves summarised in Figure 3-14a show specimens of X52 exposed to 

varying hydrogen charging times at 4 MPa hydrogen pressure and a control specimen with 
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4 MPa nitrogen for 0 hours reveals how hydrogen charging affects the material's 

mechanical behaviour. These curves show differences in ductility and strength, with 

hydrogen exposure typically reducing the material's ability to withstand stress before 

failure. 

 

a) 

 

b) 

Figure 3-14 a) stress–strain curves of X52 specimens under different gaseous hydrogen 

charging time b)HE index as a function of charging time [19] 

From the figure above, the specimen charged with nitrogen showed the highest strain at 

fracture, indicating its superior plasticity. In contrast, the specimens charged with hydrogen 

exhibited lower strain at fracture, demonstrating that gaseous hydrogen charging reduces 

their plasticity. Furthermore, as the hydrogen charging time increased, the strain at fracture 

progressively decreased, highlighting the impact of extended hydrogen exposure on 

reducing material ductility.  

As shown in Figure 3-14b, the HEI increased with longer hydrogen charging times, 

indicating that the susceptibility of X52 pipeline steel to hydrogen embrittlement rises as 

the duration of gaseous hydrogen exposure increases. Further analysis of the fracture 

surfaces revealed that the specimen with a 0-hour hydrogen charging time displayed a 

dimpled morphology, suggesting a ductile fracture mode in certain regions while no dimple 

morphology was present on specimens with hydrogen charging times greater than 0 hours 

[19]. As the hydrogen charging time increased, the brittle fracture area expanded, the 

ductile shear fracture zone became progressively narrower, and in some areas, the shear 

fracture zone vanished entirely leaving only the brittle fracture region.  
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3.6.4 Effect of material microstructure and hydrogen on fatigue properties of 

pipeline metals 

Grain boundaries are generally regarded as the primary pathways for hydrogen diffusion in 

metallic alloys, and in addition, the microstructural characteristics significantly influence 

their hydrogen trapping behaviour [7,99]. Trapped hydrogen tends to remain longer in 

favourable locations, such as defects, rather than migrating through the lattice thereby 

lowering its solubility in the metal. Features that temporarily accumulate hydrogen atoms 

within the steel structure are considered reversible traps, while those that store hydrogen 

permanently are classified as irreversible traps. According to [99], hydrogen traps can be 

categorized into three types: a) Physical traps, such as voids, high-energy grain boundaries, 

and incoherent interfaces between particles and the steel matrix; b) Attractive traps, 

including coherent/semi-coherent interfaces, dislocations, and crack tips; c) Mixed traps, 

which combine characteristics of both physical and attractive traps. Reversible traps are 

more damaging to the metal because they allow hydrogen to migrate towards crack-prone 

zones. Therefore, hydrogen diffusion patterns in metals are influenced by the combined 

trapping effects of grain refinement and structural defects. 

During steel processing, for example, various microstructural phase transformations take 

place, and these changes are often the result of phase evolution driven by the combined 

effects of deformation, recrystallization, and recovery [100]. However, heat treatment 

procedures reduced internal structural defects and indirectly minimized the number of 

hydrogen traps within the steel indirectly influencing the rate of HE. 

3.7 Hydrogen embrittlement in gas pipeline materials 

Hydrogen embrittlement (HE) poses a significant challenge to the integrity and safety of 

transmission pipes, particularly those used in natural gas pipelines. Hydrogen atoms 

permeate into the material of the pipes, leading to a degradation of mechanical properties 

and an increased susceptibility to cracking and failure. Understanding the effects of HE on 

pipeline materials is crucial for ensuring the reliability and longevity of these critical 

infrastructure components. This section explores the mechanisms of hydrogen 

embrittlement in pipeline materials, X52 steel, GCI and brass, considering factors such as 

operating conditions, material properties, and external influences. By examining the 

various manifestations of HE and its impact on transmission pipes, strategies to mitigate its 

detrimental effects and enhance the resilience of pipeline systems can be adopted. 



3.7 Hydrogen embrittlement in gas pipeline materials                                           

95 
 

3.7.1 HE in X52 carbon steel 

X52 pipeline steel is recommended and has been used as a hydrogen pipeline material 

because, as a low-strength steel, it is considered more resistant to hydrogen embrittlement 

[19]. However, when hydrogen atoms diffuse into the steel, they can gather at 

microstructural features like grain boundaries, dislocations, and phase boundaries, and may 

lead to the formation of molecular hydrogen, generating high internal pressures that can 

result in cracks or blisters [101]. The microstructure of unused X52 carbon steel is shown 

in Figure 3-15 with a matrix structure characterised as ferrite and pearlite [102].  

 

Figure 3-15 Light optical micrograph of the ferrite-pearlite microstructure of this steel 

Hydrogen charging of steel increases the electrochemical activity of both phases with 

pearlite being more susceptible to hydrogen due to the differences in hydrogen diffusivity 

and trapping characteristics [103]. The engineering stress–strain curves of tubular 

specimens with varying hydrogen charging times at 40barrs of hydrogen pressure, along 

with the curve for 0 hours at 4 MPa nitrogen pressure, are shown in Figure 3-16 [19]. 

 

Figure 3-16 Stress–strain curves under varying gaseous hydrogen charging times [19] 

The similarities in the curves before necking are coincidental. The nitrogen-charged 

specimen showed the highest strain at fracture, reflecting its high plasticity. In contrast, 

specimens charged with hydrogen had lower strain at fracture, indicating that gaseous 
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hydrogen reduces their plasticity. As the hydrogen charging time increased, the strain at 

fracture progressively decreased. The fracture surfaces of uncharged specimens are shown 

in Figure 3-17a where the yellow lines show the boundaries of 3 different fracture fracture 

regions, A shows brittle fracture, B shows some brittle and slip planes, and C is dimpled. 

 

Figure 3-17 Fracture surface of the X52 pipeline steel specimen charged with 40barrs 

hydrogen for 0 hours: (a) overview of the fracture surface, (b) magnified view of the 

brittle fracture region, (c) close-up of region C, and (d) dimpled region D [19] 

When charged for different lengths of time, the fracture surfaces consist of transgranular 

and ductile shear fractures with no dimples as shown in Figure 3-18 [19] 
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Figure 3-18 Fracture surface of the X52 pipeline steel specimen charged with 40barrs 

hydrogen for various durations: (a) 24 hours, (b) enlarged view of area A in (a), (c) 48 

hours, (d) enlarged view of area B in (c), (e) 96 hours, and (f) enlarged view of area C in 

(e).[19] 

Failure consists of ductile shear fracture in the transgranular fracture regions, to begin with, 

and the proportion of transgranular and ductile shear fractures varies with hydrogen 

charging time. It is observed that the area of brittle fracture gradually increases with 

hydrogen charging time. 

X52 carbon steel is more prone to HE due to its larger grain size and higher content of 

impurity elements, which result in increased hydrogen solubility and a microstructure with 

lower resistance to HE. In hydrogen-blended natural gas steel pipelines, the interaction 

between hydrogen and pipeline steel is influenced by various operating conditions, 

particularly temperature and gas pressure [104]. Higher hydrogen pressure correlates with 

increased sensitivity to hydrogen embrittlement. Additionally, hydrogen diffusivity and 

temperature follow Arrhenius' law [105], where the thermal activation energy of hydrogen 

atoms rises with increasing temperature. In addition, a saturated hydrogen sulphide solution 

environment increases the saturation levels of the X52 pipeline with an increase in 

temperature [106,107]. According to Ref. [108] the sub-surface hydrogen concentration in 
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lattice increases with the hydrogen charging method, however, the hydrogen uptake from 

a hydrogen gas environment where naturally formed surface oxides are present remains to 

be explored. 

3.7.2 HE in welded X52 carbon steel 

Welding is a widely used method for producing complex structural parts, which often 

introduce local stress concentrations, inhomogeneities, and inclusions [109]. The integrity 

of welded joints is crucial for ensuring the quality of structural components, with resistance 

to hydrogen embrittlement being another aspect to consider. The complex thermal history,  

the non-equilibrium structure formed due to high heating  and cooling rate in the weld 

thermal cycle and the pervasive presence of hydrogen in the processing environment 

heighten the susceptibility of pipeline welds to HE [110,111]. There may also be defects 

that complicate the effect of hydrogen in these welds. Hydrogen in weldments is either 

diffusible or non-diffusible. The hydrogen that is unable to migrate from the weld zone 

stays trapped while the diffusible hydrogen often causes damage to the weld [99]. The most 

HE susceptible area in a welded pipe is the heat-affected zone (HAZ) near the joint, where 

a significant amount of hydrogen from high-temperature processing and high hardness 

(high hardness creates multiple sites for crack initiation and propagation) in comparison to 

the base metal leads to a marked reduction in ductility [99,112]. This is due to the 

inhomogeneities presenting favourable sites for hydrogen diffusion and trapping in addition 

to the inherent stress concentration, chemical composition, microstructure and residual 

stresses.  

 

Figure 3-19 A macro-etched image of a gas metal arc weld reveals distinct sections of 

the weld, including the weld fusion zone (WFZ), the heat-affected zone (HAZ), and 

multiple weld passes, highlighting the different regions formed during the welding 

process [112] 
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It remains challenging to assess the performance of a weld in terms of susceptibility to 

hydrogen embrittlement due to a lack of a well-established testing methodology and 

standards and high microstructural heterogeneity over a small volume of material around 

the dissimilar weld interface for example [113]. In addition, different welding techniques 

have varying levels of hydrogen exposure, with some processes being more susceptible to 

introducing hydrogen into the material [114]. Thus, the susceptibility of a weld to HE 

depends on various factors, ranging from material composition with high-strength steels 

more prone to HE due to their microstructure and chemical composition as well as the weld 

process and environment.  

In pipeline transportation, welding is the primary fabrication process used for long-distance 

hydrogen transportation pipelines [113,115]. The interaction between the welding thermal 

cycle and the material's crystal structure can significantly affect the microstructural 

homogeneity in the sub-regions of a weld joint, influencing its susceptibility to HE.  

Amongst many weld processes [116], friction stir welding (FSW) has been widely used in 

the pipeline industry because it involves no melting of metal as compared to conventional 

arc welding [109,117], while post-weld heat treatment of welds has been widely used to 

promote the tempering of the martensitic microstructure, restore joint toughness and 

ductility, and reduce residual stress [113]. 

The tensile stress-strain curves of high-strength steel weldments after various hydrogen 

charging durations (shown in Figure Figure 3-20) reveal that as the hydrogen charging time 

of a welded joint increases, the elongation of the material gradually decreases, with minimal 

change before necking. Both tensile and yield strengths decline over time. In tensile tests, 

weldments typically show less pronounced yielding, and hydrogen embrittlement further 

reduces plasticity, eliminating a clear yield point and increasing brittleness. Welds exposed 

to hydrogen are more prone to sudden fractures instead of a defined yielding phase. It also 

shows that after 10 and 30 minutes of hydrogen charging, tensile strength remains similar, 

but elongation begins to decrease. However, elongation drops sharply after 1 hour of 

charging due to hydrogen molecules penetrating the material, disrupting crystallinity, 

increasing grain boundary margins, and thus reducing elongation. The elongation decreases 

from 19.2% to 13.2% at 1 hour of charging, and further to 9.8% after 4 hours. Figure 3-20b–

d illustrate the fitted data plots of tensile strength, yield strength, and elongation across 

hydrogen charging times, showing a clear decreasing trend in these mechanical properties. 
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Consequently, hydrogen charging time significantly impacts the material’s embrittlement 

and reduces its tensile strength, yield strength, and elongation. 

 

Figure 3-20 Tensile mechanical properties of Q690 high-strength steel weldments under 

different hydrogen charging current densities: (a) stress–strain curves; (b–d) relationships 

of tensile strength, yield strength, and elongation with hydrogen charging current 

densities, respectively [118] 

 

3.7.3 HE in grey cast iron (GRI) 

Cast iron is an alloy with a microstructure that includes graphite and thus a high amount of 

carbon. In the case of cast iron, unlike high-strength steels, grey cast irons have graphite 

that can accommodate diffused hydrogen, which delays the embrittlement effect [119,120]. 

This is because hydrogen atoms bind very strongly with vacancies, rather than other 

hydrogen atoms [121]. Figure 3-21 shows the displacement of hydrogen in iron materials 

at varying levels of vacancy concentrations. 
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Figure 3-21 Mean square displacements of hydrogen atoms over 

time at three different vacancy concentrations in BCC Fe [121]. 

 While cast iron may exhibit lower hydrogen diffusion rates (because graphite can 

accommodate diffused hydrogen [122]) and lower sensitivity to HE compared to steel, it 

can still experience embrittlement under certain conditions, especially if exposed to high 

hydrogen concentrations or severe service environments. In ductile cast irons, the presence 

of numerous spheroidal graphite particles not only serves as stress concentrator sites but 

also as hydrogen-trap sites [123,124]. This can lead to hydrogen-induced degradation in 

the material if present [125]. Therefore, while ductile cast irons may exhibit enhanced 

ductility and toughness compared to other cast iron types, the presence of graphite particles 

poses a unique challenge in managing the risk of hydrogen embrittlement. 

In the crystal structure of cast iron, the presence of hydrogen leads to the initiation of 

multiple small cracks around graphite nodules, with both the number and severity of these 

cracks increasing as hydrogen content rises [126]. These cracks arise due to hydrogen 

diffusing freely through ferrite, but graphite nodules can absorb hydrogen and become 

saturated [122]. The accumulation of hydrogen and the resulting internal gas pressure can 

eventually cause the graphite nodules to detach from the ferrite matrix after reaching a 

critical minimum amount [6,122,123]. This detachment introduces cracks in the 

microstructure, leading to the initiation of brittle cleavage fractures. These hydrogen-

induced cracks and defects at the graphite nodule interfaces are believed to contribute to 

the increased hydrogen uptake. With more tensile loading, the small cracks coalesce 

between the graphite nodules, resulting in larger cracks within the microstructure as 

summarised in Figure 3-22. 
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Figure 3-22 Hydrogen-charged nodular cast iron: (a) Overview of the fracture surface, 

(b) detailed view of brittle cleavage fracture facets in ferrite ligaments, (c) side view of 

a polished cross-section showing multiple small brittle cracks surrounding a cavity left 

by a detached graphite nodule, and (d) close-up of the cavity surface [126] 

3.7.4 HE in brass and copper alloys 

Electrolytic Tough Pitch copper is susceptible to hydrogen embrittlement at any 

temperature because it contains small copper oxide particles dispersed throughout the 

microstructure which react with hydrogen, producing water, leading to some form of HE 

[4]. Meanwhile, Copper and copper-rich alloys are generally resistant to hydrogen 

embrittlement unless they contain oxygen or copper oxide. When oxygen-bearing copper 

and copper alloys are annealed or exposed to a hydrogen environment, atomic hydrogen 

can diffuse into the metal and react with the copper oxide or oxygen to form water as shown 

in the equation [12]:  

   𝐶𝑢2𝑂 + 2𝐻 = 2𝐶𝑢 + 𝐻2𝑂  (3-4) 

If the temperature exceeds 375°C, this water converts into high-pressure steam, potentially 

causing damage. However, brass does not contain these copper oxide particles, which 

makes it resistant to this form of HE [127]. Therefore, brass components are less likely to 

experience hydrogen embrittlement. In addition, the presence of copper influences the 

susceptibility of the metal to HE. 
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The materials mentioned above are integral components in the gas transmission network. 

This PhD research focuses on comprehending the impact of hydrogen embrittlement (HE) 

within these materials. Understanding the behaviour of HE in these materials is crucial, 

particularly in the context of projects like the HyDeploy, which involves blending natural 

gas with 20% hydrogen in the gas network. By understanding the behaviour of HE in these 

materials, it becomes possible to establish safe design principles for effective 

implementation. 

3.7.5 Factors affecting hydrogen embrittlement in national gas network 

Given hydrogen's ability to permeate metal surfaces readily, certain metal pipes utilized for 

natural gas transportation may undergo degradation upon exposure to hydrogen, 

particularly under high temperatures and pressures. This phenomenon can result in cracking 

or embrittlement of these pipelines. Some of these factors are explained below. 

3.7.5.1 Presence of hydrogen in the network 

One critical factor influencing hydrogen embrittlement (HE) within the gas network is the 

presence of hydrogen [128]. The presence of hydrogen in gas mixtures significantly affects 

embrittlement. Synthetic natural gas produced from coal gasification, as well as biogas and 

landfill gas, contains hydrogen by nature. While most of the hydrogen is unintentionally 

present in the distribution network system, this study focuses on situations where hydrogen 

is intentionally introduced into the network and mixed with natural gas to minimize the 

carbon footprint. Since these gases are blended with traditional natural gas for distribution 

to customers, it is crucial to assess the risk of hydrogen embrittlement in pipeline materials. 

3.7.5.2 Pipeline material variables  

The choice of steel alloy used in the pipelines is critical. Diverse steel alloys display 

differing degrees of susceptibility to hydrogen embrittlement. Therefore, assessing the 

mechanical properties of both base metals and weld metals is imperative [128,129]. Other 

material variables also play a critical role in influencing the susceptibility of metals to 

hydrogen embrittlement (HE) within hydrogen gas containment components [130]. 

Examples of such variables include the nickel content in austenitic stainless steels, material 

strength, and the presence of welds. Austenitic steels with higher nickel content, for 

instance, demonstrate greater resistance to HE and can endure a wider range of stress and 

temperature conditions. Conversely, materials with high strength are more prone to HE and 

exhibit resistance within a narrower range of stress and temperature levels. Additionally, 
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austenitic steels with lower nickel content are particularly vulnerable to HE within a 

narrower range of stress and temperature conditions. Understanding these material 

variables is essential for selecting suitable materials and designing structures to mitigate 

the risks associated with HE in engineering applications. 

3.7.5.3 Environmental variables 

Environmental factors exert a notable influence on hydrogen embrittlement (HE) in metals 

utilized within hydrogen gas containment components [130]. Temperature and hydrogen 

gas pressure are two pivotal environmental variables that can significantly affect the 

susceptibility of the pipeline materials to HE [128,129]. Generally, HE is more likely to 

occur at near-ambient temperatures, while its occurrence becomes less probable at 

cryogenic or elevated temperatures. Moreover, higher hydrogen gas pressure increases the 

likelihood of HE manifestation. In addition, corrosion weakens the material and enhances 

hydrogen penetration thereby leading to embrittlement. 

3.7.5.4 Mechanical variables 

The primary mechanical variables influencing hydrogen embrittlement (HE) in metals 

within hydrogen gas containment components include the nature of stress and its 

magnitude. Specifically, the distinction between constant stress and cyclic stress, along 

with the amplitude of these stresses, plays a crucial role. Higher levels of both constant 

stress and cyclic stress amplitudes typically heighten the likelihood of HE occurrence, 

whereas lower stress levels may reduce this susceptibility [129,130].  

3.7.5.5 Exposure time and pipeline age 

Exposure time to hydrogen is a critical factor influencing embrittlement. Prolonged 

exposure heightens the risk of hydrogen-induced damage. Moreover, the age of pipelines 

is also a significant consideration. Older pipelines may exhibit increased susceptibility due 

to material degradation over time [128]. 

3.8 Chapter summary and feedforward 

This chapter has provided a comprehensive review of the fundamental aspects of HE. The 

mechanisms of hydrogen embrittlement were examined and the likely mechanical damage 

on the properties of these metals, highlighting the potential degradation of metal pipes when 

exposed to hydrogen. With a mastery of these concepts therefore, the focus of this PhD 

research will shift towards studying the changes occurring in the mechanical properties of 

metals when they are subjected to hydrogen environment. The subsequent chapter will 
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delve into the experimental setup devised to investigate the selected metals, and in 

particular the changes in their fatigue properties resulting from soaking them in a hydrogen 

environment. This will encompass the selection of materials, details of the experimental 

setup, and the results that were obtained by following the standard experimental protocols 

outlined. 
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The information in this chapter was published in the Probabilistic Engineering Mechanics 

journal, and is found at the following: 

• E. Kufoin, L. Susmel, Quantitative review of probabilistic approaches to fatigue 

design in the medium cycle fatigue regime, Probabilistic Eng. Mech. (2024) 

103589. https://doi.org/10.1016/j.probengmech.2024.103589. 

• E.N. Kufoin, L. Susmel, On the parametric assessment of fatigue disparities, 

Probabilistic Eng. Mech. 77 (2024) 103651. 

https://doi.org/10.1016/j.probengmech.2024.103651. 

 

4.1 Introduction 

This chapter aims to review crucial concepts essential for conducting fatigue assessment 

under constant amplitude loading. Initially, it will address the uniaxial fatigue problem by 

examining parameters influencing the overall fatigue strength of engineering materials. It's 

important to note that these basic concepts will be reviewed not only from the perspective 

of theories based on continuum mechanics but also those rooted in linear-elastic fracture 

https://doi.org/10.1016/j.probengmech.2024.103589
https://doi.org/10.1016/j.probengmech.2024.103651
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mechanics. These concepts will serve as the foundation for post-processing the fatigue data 

sets generated from both soaked and uncharged specimens discussed in the previous 

chapter. 

The second part of this chapter delves into critically evaluating the significance of observed 

differences in any given pair of fatigue datasets. The objective extends beyond mere 

observation. It uses statistical indicators of fatigue resistance and its variation can be 

quantified by analysing various sets of fatigue data related to a particular material or test 

condition. Given the increasing availability of fatigue data sources, these methods aid 

designers in extracting fatigue properties by consolidating multiple data sets that might lack 

significant insights individually due to their limited scope. The process involves collecting 

fatigue data sets from similar populations (test programs) and assessing parameters such as 

variance, slope, and intercept. 

Central to this PhD investigation lies the application of statistical parametric analysis, a 

robust methodology specifically employed for comparisons between two or more fatigue 

datasets as explained above. This analytical approach is designed to perceive whether 

observed differences in the fatigue data sets generated in this study are statistically 

significant or merely the result of random variation. The focal point here is to provide a 

comprehensive understanding of the significance or insignificance of disparities between 

fatigue data sets from charged and uncharged specimens used in this research. Through the 

use of statistical parametric analysis, therefore, this research not only ensures a rigorous 

examination of observed differences but also establishes a quantitative basis for evaluating 

the reliability of these disparities.  

In addition to comparing disparities amongst fatigue data sets, and in alignment with the 

ongoing effort to advance the application of statistical significance tests, this chapter also 

seeks to address questions such as the accuracy of statistical methods in identifying the 

notch root radius from fatigue data (using statistics only) and, if so, how the variation in 

this radius influences the fatigue properties of the material. The primary focus of this 

inquiry centres on the development and application of statistical approaches to identify the 

notch root radius from fatigue data, with the ultimate goal of understanding the correlation 

between the identified variations in radius and their subsequent impact on fatigue 

properties. 
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It is worth mentioning also that merging fatigue data sets has consistently been a strategy 

to acquire more data to increase the reliability of fatigue assessment and design in the 

industry [1–3]. This also addresses the time and cost challenges associated with conducting 

numerous fatigue experiments [4,5]. This contribution adds depth to the dynamic field of 

fatigue data analysis, providing valuable insights for engineers and researchers as they 

endeavour to optimize designs and improve material reliability under cyclic loading 

conditions. By doing so, conclusions drawn from performed fatigue tests can be made with 

confidence based on a predetermined level of significance 

4.2 Overview of the Wöhler diagram 

Wöhler stands as a pioneering figure in the exploration of fatigue phenomena, beginning 

his investigation with a focus on train axles. He aimed to work out the causes behind axle 

failures occurring under cyclic loads, which were notably lower than the material's static 

strength. A few years later, experimental data from Wöhler's works were used on a linear 

scale to draw the relationship between his investigated quantities. This graph depicts the 

stress range on the y-axis and the number of cycles to failure on the x-axis. These diagrams, 

now recognized as Wöhler curves, have evolved and remain integral in predicting fatigue 

lifetime. The Wöhler curve serves as a potent tool, explaining the relationship between 

applied stress amplitude and the material's endurance over cycles. Constructing a Wöhler 

curve entails conducting a series of tests under identical load ratios for the same material 

but at varying stress amplitudes, resulting in a log-log graph where the curve appears as a 

straight line, governed by the renowned Wöhler equation which will be described later. 

In conventional plain specimens subjected to a dynamic stress level S, for a load ratio, R, 

fatigue failure eventually occurs after a certain number of cycles 𝑁𝑓 determined by the 

material's fatigue properties [6,7]. Decreasing the amplitude of the applied loading results 

in an increased number of cycles to failure. By subjecting numerous specimens to various 

stress levels (𝑆 = 𝜎𝑖, 𝑖 =  1. . . 𝑛, with 𝑛 being the total number of specimens), an 

experimental dataset (𝜎𝑖 , 𝑁𝑓,𝑖) is obtained, which in turn is used to construct the Wöhler 

curves otherwise known as the S-N curve for the material under examination [2,7]. This 

diagram is typically represented on a log-log scale and plots the number of cycles to failure 

(𝑁𝑓) on the abscissa and the amplitude of the applied stress on the ordinate as shown in the 

Figure 4-1 below.
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Figure 4-1 The Wöhler diagram 

The Wöhler curve also demonstrates that fatigue results consistently exhibit a certain level 

of scatter, indicating variability in experimental data [6–9]. Therefore, it is crucial to post-

process experimental data meticulously to establish a dependable reference fatigue curve. 

The range of scatter can be quantified using statistical concepts that define the probability 

of failure for each curve, a topic that will be addressed in the subsequent sections of this 

chapter. To quantify the fatigue behaviour of a material, therefore, a Wöhler diagram is 

required. While many approaches have been employed in the industry, the approach 

adopted by any industry is dependent on the industry, regulation, and application.  

4.2.1 The Wöhler curve across different fatigue regimes 

The shape of the Wöhler curve is dependent on the specific fatigue regime under which the 

investigation was carried out [10]. These regimes include the high-cycle fatigue (HCF) 

regime, characterized by a vast number of cycles usually considered to be greater than 103 

cycles and threshold stress below which the material exhibits infinite life, the low-cycle 

fatigue (LCF) regime, typified by a finite number of cycles and a continual decline in 

fatigue life with increasing stress levels, often leading to plastic deformation and crack 

initiation [11,12]. Plastic deformation is dominant in the LCF regime where minor 

alterations in stress can induce significant changes in strain. The S-N curve in the LCF is 

either modelled by Coffin–Manson and Morrow model [11] or, under some stated 

considerations, the ASTM strain-energy approach [13]. A Weibull model can also be used 

as explained in Ref. [14]. 

There is also the medium cycle fatigue (MCF) regime which typically encompasses a range 

of load cycles from approximately 104 to 106 cycles. Stress levels experienced by materials 

in this regime are moderate, falling between those observed in the high cycle fatigue and 
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low cycle fatigue regimes. Unlike high cycle fatigue, MCF involves some degree of plastic 

deformation during each cycle. This plasticity contributes to the initiation and propagation 

of microscopic cracks within the material, eventually leading to failure. The behaviour 

observed in the MCF regime is crucial to understanding the endurance and fatigue life of 

materials subjected to cyclic loading conditions in various engineering applications. The 

behaviour in the MCF regime can be modelled using stress-based approaches like in linear 

regression analysis or by using the Basquin approach. Similar to the LCF, the Coffin–

Manson strain–based–based approach can also be used in the MCF region. These 

approaches can be extended to the HCF regime where the plastic contribution to the fatigue 

properties is insignificant.  

There is sometimes the very high cycle fatigue (VHCF) regime which encompasses an 

extensive range of load cycles beyond 106 cycles and extending up to 109 cycles [10,11,15] 

(see Figure 4-2). Materials subjected to VHCF experience ultra-high-stress amplitudes. 

Unlike other fatigue regimes, VHCF is characterized by cracks that initiate from inclusions 

or microstructural irregularities. Fatigue damage in VHCF occurs primarily due to 

microstructural changes, including the behaviour of grain boundaries [11,15–17]. This 

fatigue regime is particularly relevant in aerospace and engine components, where millions 

of load cycles are encountered during operational life. Understanding VHCF behaviour is 

critical for ensuring the reliability and longevity of materials in such demanding 

applications. Figure 4-2 is an example of a Wöhler curve of titanium [10,18]. In the VHCF 

region, the assumptions behind the application of models in the LCF to HCF may not hold 

due to the increase in experimental scatter for decreasing stress amplitudes. Weibull and 

extreme value statistics are approaches that can be used to model the S-N curve in this 

region [12,16,19]. In addition, Ref [20] defines the fatigue limit in the gigacycle can be 

modelled by first establishing a new S-N curve extending up to 1010 cycles, which typically 

exceeds the fatigue limit of most technological machinery. Secondly, the fatigue strength 

at 109 cycles must be predicted using conventional statistical methods. There are a few 

challenges in generating fatigue data in the VHCF regime, but it is not in the scope of this 

PhD. 

For the sake of simplicity and practical application in design, this PhD research will focus 

primarily on exploring fatigue properties within the medium cycle fatigue regime. As such, 

the post-processing of fatigue data within this regime will involve generating the mean S-

N curve, which serves as the basis for constructing the design curve and determining the 
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scatter band from experimental data sets. This constitutes the central theme of this research 

methodology. The approaches utilized include the linear regression method, as well as 

those recommended by the American Society for Testing and Materials (ASTM) and the 

International Institute of Welding (IIW). These methods will be employed to develop the 

Wöhler diagram which holds significant importance for design applications within the 

MCF. 

          

Figure 4-2 The Wöhler curve in LCF, MCF, HCF and VHCF regimes 

4.2.2 The S-N curve and the design curve background in MCF  

It has been highlighted that the shape of the S-N curve is dependent on the fatigue regimes, 

and in the MCF, it is linear (see Figure 4-2 and Figure 4-3a). It is also in this region that 

there is the observed scattering in the fatigue life of materials, where the variability arises 

from various sources. Some of these sources include material mechanical properties, 

discontinuities, environmental factors, and setup or equipment variations. Cutting-edge 

statistical approaches are commonly applied throughout the industry to post-process 

experimental fatigue data. For instance, in Ref. [21] a Weibull Probabilistic Technique is 

used to estimate parameters, followed by a Bootstrap method for critical design. Similarly, 

Ref.[22,23] uses neural networks (NN) machine language for fatigue design both of which 

do not assume a distribution in the fatigue data. Though this has been successful, the 

statistical analysis of fatigue data remains tricky because the stress vs. fatigue life 

relationship is fundamentally nonlinear and the fatigue life distribution is assumed [13,24]. 

Other challenges originate from the sample size, which is restricted by cost and time, as 

well as varied disproportionate scatter at stress levels which accounts for the complexity of 
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the re-analysis. More so, fatigue data can either be censored (runouts excluded) or 

uncensored, meanwhile the statistical distribution of fatigue life at a given stress level is 

assumed to be lognormal depending on the approach. Non-cutting-edge approaches are also 

known to be applied in the industry. For instance, the design-by-eye approach [25] is a very 

basic approach which is applied by drawing a line that follows the experimental data yet 

provides a “little white space” between these points and the design curve. Clearly, this 

design curve does not depend on a distribution, is subjective and lacks consistency across 

the board.  

 

a) 

 

b) 

Figure 4-3, a) Linearised S-N curve in the MCF regime b) Design curve in the MCF 

regime in log-log space 

How is the design curve derived for the mean S-N curve? The design curve and 

corresponding design stress are determined by considering the variability in the fatigue data 

points. Through statistical analysis, the design stress (𝜎0,𝑃%) based on the design curve at a 

given probability of survival Ps is obtained by shifting the mean curve by a scatter factor 

KD as illustrated in Figure 4-3b). Therefore, the design stress/curve depends on the size of 

the scatter factor, which in turn is dependent on the approach and the recommended 

probability of survival. This will constitute the key focus of this chapter. For example, 

Eurocode 3 (EN1993-1-9) suggests a probability of survival of 97.7% for design purposes 

[9,13,26] of welded joints. 

4.2.3 Linear characterization of the S-N curve in the MCF regime and the 

endurance limit 

Considering the linear schematization of the S-N curve in the MCF (see Figure 4-3); one 

of the linear functions that is commonly used in a log-log representation is [8,9,27]: 
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   𝐿𝑜𝑔𝑁𝑓 =  𝐶𝑜 + 𝐶1 𝐿𝑜𝑔𝜎  (4-1) 

where 𝑁𝑓 is the fatigue life and 𝜎 is the stress level. 𝐶𝑜 and 𝐶1 are the intercept and inverse 

slope constant respectively which are dependent on the fatigue data. The inverse slope 

determines the sensitivity of the material to fatigue, and a lower value indicates that the 

material is more sensitive to changes in stress or strain. At any point on the curve, equation 

(4-1) is similar to Basquin’s equation. Basquin’s equation assumes a power-law 

relationship between the stress level and the number of cycles to failure. Consider, for 

example, two reference points in the HCF regime, one defined as (𝜎0, 𝑁𝐴) at the endurance 

limit and any other point, the corresponding equation (often referred to as the Wöhler 

equation) can be written as [27–29]:  

   𝜎𝑘𝑁𝑓 = 𝜎0
𝑘𝑁𝐴 =  𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡  (4-2) 

where k is the negative inverse slope (𝑘 = −𝐶1 ) as defined in Figure 4-3a. 

Based on this linear characterization, the curve generated from experimental data while 

using this schematization will be referred to as the mean S-N curve with a probability of 

survival Ps equal to 50%. From this mean curve, the fatigue limit 𝜎0, (if it exists) or the 

endurance limit is determined. The fatigue limit is the theoretical stress level below which 

failure does not occur. For materials that do not have a fatigue limit, an endurance limit is 

estimated at a referenced number of cycles, typically in the region of 106 and 108 cycles, 

and the curve continues with the same gradient beyond this point. 

Materials with a fatigue limit often exhibit the formation of non-propagating cracks, halted 

either by the initial grain boundary or by the first microstructural obstacle. Conversely, 

non-ferrous metals such as aluminium alloys lack a fatigue limit, so they are required to be 

designed for a finite lifespan. In such cases, it's customary to establish an endurance limit, 

𝜎𝐴, a stress level extrapolated in the high-cycle fatigue range at a specified number of cycles 

to failure 𝑁𝐴, typically ranging between 106 to 108 cycles [27,28,30]. Additionally, it's 

noteworthy that the experimental behaviour of materials without a fatigue limit may not 

always conform to a single linear trend line in the high-cycle fatigue range. Instead, 

experimental points tend to scatter along a line with a shallower slope compared to the one 

describing the medium-cycle fatigue behaviour of the same material. A typical S-N curve 

depicting such a behaviour has been reported in the literature review chapter: The 

Fundamentals to Fatigue Assessment (see Figure 2-14). 
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4.2.4 The S-N curve and its associated scatter band: theoretical schematization 

A critical aspect to consider is the failure criterion used in gathering data for S-N curves 

[7,30,31]. Fatigue life typically involves three stages: initiation, propagation, and ultimate 

failure. While theoretically any of these stages could serve as a suitable failure criterion, 

the choice significantly impacts the distribution of points on the S-N curves, thereby 

producing distinct fatigue curves. Consequently, S-N curves are typically experimentally 

generated with crack initiation as the chosen failure criterion. In this context, crack 

initiation is commonly defined as the number of cycles needed to initiate a technical crack 

of a few millimetres in length. Alternatively, another approach is to define crack initiation 

based on the lifetime leading to a specified reduction in specimen stiffness. The selected 

criterion is always determined prior to the investigation and creation of fatigue datasets. 

With this crucial aspect clarified, this research specifically uses complete breakage as the 

failure criterion. 

The mean S-N curve plotted from the experimental data sets consisting of a stress level and 

the number of cycles to failure, has a probability of survival Ps = 50%, from which the 

fatigue limit is determined as well as the design curve. In cases where the fatigue tests are 

runouts (the test is stopped after a certain reference number of cycles), different methods 

handle this data differently. Some methods include runouts as failures [9], while others 

ignore (censor) them completely [29,32,33]. However, both approaches tend to 

underestimate the variation around the fitted line, as indicated by the standard deviation. In 

research, censored data sets will be used to generate the mean curve [13,27] and the 

endurance limit. 

A confidence interval represents the range of stress levels for which the estimated 

endurance limit is likely to lie, based on the sample data. The confidence interval depends 

on the chosen confidence level, which indicates the probability that the estimated range 

will contain the true endurance limit [13,26]. Suppose the endurance limit is calculated at 

a probability of survival P%, (i.e 𝜎0,𝑃%). The maximum value of the endurance limit at this 

probability is the value estimated at 1-P%. (i.e. 𝜎0,(1−𝑃)%). The interval between these stress 

levels is known as the confidence interval, and its size is referred to as the scatter band, 𝜏𝜎. 

This scatter band is extrapolated for the mean curve and serves as a visualisation tool to 

indicate the accuracy of estimation from experimental data sets. It further makes use of 

statistical analysis to represent the uncertainty in the estimate of the S-N curve and is 

calculated as the ratio between the endurance limit in the HCF regime for (1-P) % and P% 
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probabilities of survival (see Figure 4-3b). The size of the scatter band is, therefore, 

dependent on the chosen approach as well.  

Returning to the previously summarised challenges, the first of which is the generation of 

the S-N curve from a set of experimental results, and the second challenge is the 

determination of the associated scatter band with a probability of survival, what follows is 

a description of how these challenges can be addressed using some standardised 

approaches. The S-N curve problem will be addressed using the approach suggested by 

ASTM and its confidence interval [8,9,13,26]. The scatter bands problem will be 

determined using approaches suggested by the IIW [26,34], the ASTM and the LRM 

[9,27,35,36]. In the considered fatigue lifetime region, it is assumed that the distribution of 

the logarithm of the fatigue life is normal at each stress level. However, this is not always 

the case since different materials show different behaviours in the medium-cycle fatigue 

regime. Accordingly, the validity of this initial hypothesis must be checked before 

determining the associated scatter band. This will be discussed below. 

4.3 Generating the mean S-N curve according to the ASTM 

To determine a mean S-N curve from a set of experimental data, there are some essential 

assumptions that need to be considered before progressing [8,13,26,37–41]. In addition to 

these assumptions, Refs. [34,35] further emphasise the requirement to test several identical 

specimens at different stress levels such that the stress-life approach can be accurately 

utilised. Ref. [13] further emphasises the necessity of replication and suggests that the 

design curve with a probability greater than 50% is as good as its level of replication. 

According to Refs. [8,26,42], the suggested replication levels are summarised in Table 4-1.  

Table 4-1 Minimum number of specimens and replication requirements for testing 

Type of test Minimum Number of 

specimens 

Replication 

percentage (%) 

Preliminary and exploratory 6 – 12 17 - 33 

Research and Development testing 

of components 

6 – 12 33 - 50 

Design data 12 – 24 50 - 75 

Reliability data 12 – 24 75 - 88 

Generally, the replication level is estimated as [9,42]: 

 𝑅𝑒𝑝% = 100 [1 −
𝑛𝜎

𝑛
] (4-3) 
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In which 𝑛𝜎 is the number of stress levels and n is the total number of specimens. Based 

on the replication percentage, the quantity of available specimens, and the chosen approach, 

one can pre-determine the number of stress levels. However, while ISO 12107 suggests 

that to statistically verify the adequacy of the linear model, at least two specimens should 

be tested at each stress level for accurate regression analysis, the ASTM only suggests that 

the stress levels should be greater than or equal to 3. So, the number of stress levels is 

dependent on the approach used in investigating fatigue. Examining both standards 

collectively and considering the recommended minimum specimen numbers in each, it is 

inappropriate to use the minimum number of specimens suggested for preliminary tests in 

a test program that combines ISO12107 (6) and the minimum ASTM replication level 

(17%). This combination results in a program encompassing four stress levels with only 

two repeat tests, which does not align with the stipulations of ISO12107. Instead, to adhere 

to ISO12107, when testing six specimens, a replication rate of 50% is necessary (i.e., two 

tested at each of three stress ranges). This corresponds to the highest replication rate 

suggested for R&D tests in ASTM379-10. 

For the statistical methods mentioned above to be consistent and accurate for S-N curves 

in the MCF region, the following arguments are required to be true. These arguments are 

essential in designing the S-N field around the mean curve. 

4.3.1 Linearity  

The relationship linking fatigue life and the stress level in a log-log representation must be 

linear [13,26,42]. There are a few possible linear relations used in fatigue [34] and the most 

common linear relationship in the log-log schematization is as defined in equation (4-1). 

This equation holds only within set limits of the lifecycle of a specimen, for which the 

lower limit corresponds to the endurance/fatigue limit and the upper limit the transition 

region into low cycle fatigue which varies depending on the material, into the static strength 

of the material specimen. Each stress level produces a unique impact on the fatigue life, 

and if this is not the case, then the assumption of linearity is invalid, and the Analysis of 

Variance (ANOVA) statistical model calculations are executed. In this case, the variance 

procedure uses an F-test to compare variances amongst duplicates in the data with the 

variance of the estimated population. If the variance within the replicates is far less than 

the variance in the estimated line, then the linearity assumption is rejected. 
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To verify the condition of linearity, the test statistic is employed in the null hypothesis. This 

involves using the F-distribution, which is effective in comparing the variances of two or 

more sample sets derived from continuous data sets with continuous distributions [9,13]. 

The critical values of the F-distribution are determined based on the desired level of 

confidence, which can be obtained from the F-tables in Refs. [13,26,31,43]. The degrees of 

freedom, denoted as n1 and n2 are derived from the two respective sample sets.  

To determine if a fatigue dataset is linear, the sample data set can be grouped into two 

subsets. The first subset consists of the stress levels used to generate the data and the second 

subset considers all individual specimens independently. Suppose there are l number of 

stress levels with m replicates in the first subset with weighted averages (logN)fi,j 

representing the average life at each stress level. (𝑖 = 1. . . 𝑙, 𝑗 = 1. . . 𝑚). This weighted 

fatigue life has a degree of freedom defined as 𝑛1 = 𝑙 − 2. The second subset of the data is 

treated as the complete set of experimental data without any replications, has degrees of 

freedom 𝑛2 = 𝑛 − 𝑙, where n is the overall sample set. To determine the critical value 𝐹𝑝, 

the two entries 𝑛1 and 𝑛2is used as: 

   𝐹𝑝𝑐𝑎𝑙 =
 𝑛1

 𝑛2
=

𝑙 − 2 

𝑛 − 𝑙
  (4-4) 

Similarly, the 𝐹𝑝 calculated is compared to the 𝐹𝑝𝑐𝑟𝑖𝑡 value calculated using the equation: 

    𝐹𝑝𝑐𝑟𝑖𝑡 =
∑

𝑚𝑖(𝑙𝑜𝑔(𝑁𝑓𝑖) −  𝑙𝑜𝑔𝑁̅̅ ̅̅ ̅̅
�̅�𝑖)

2

(𝑙 − 2)
𝑙
𝑖=1

∑ ∑
(𝑙𝑜𝑔(𝑁𝑓𝑖𝑗) −  𝑙𝑜𝑔𝑁̅̅ ̅̅ ̅̅

�̅�𝑖𝑗 )2

𝑛 − 𝑙
𝑚𝑖
𝑗=1

𝑛
𝑖=1

   (4-5) 

in which log𝑁𝑓𝑖𝑗 (𝑖 =  1. . 𝑙 and 𝑗 =  1 . . 𝑚) is the logarithm of life at the replication level. 

The stress levels are carefully chosen to fall within the medium cycle fatigue region [13,38]. 

The null hypothesis is then used to determine the linearity of the data set as follows:  

Null Hypothesis: 

• 𝐹𝑝cal ≤ 𝐹𝑝𝑐𝑟𝑖𝑡; Null hypothesis confirmed, linearity model consideration 

can be adopted.  

• 𝐹𝑝cal > 𝐹𝑝𝑐𝑟𝑖𝑡; The null hypothesis is rejected and a Non-linear model of 

some form: 𝑙𝑜𝑔𝑁𝑓  =  𝐶0 +  𝐶1𝑙𝑜𝑔𝜎𝑖 + 𝐶2𝑙𝑜𝑔𝜎𝑖  2, where 𝐶0, 𝐶1 and 𝐶2 are 

polynomial constants that describe the envelope of the curve. 
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Where the null hypothesis cannot be confirmed, Ref. [13,26] suggests that the non-linear 

consideration is adopted. Under this approach, the estimated mean curve is approximated 

as: 

   𝐿𝑜𝑔𝑁𝑓 =  𝐶0 +  𝐶1𝑙𝑜𝑔(𝜎𝑖 − 𝐶2)  (4-6) 

In this case, 𝐶0 and 𝐶1 are as defined previously while 𝐶2 is a fatigue limit term. Other 

examples of non–linear considerations are defined by [9,27,44,45]: 

   𝐿𝑜𝑔𝑁𝑓 =  𝐶0(𝑙𝑜𝑔𝜎𝑖)𝑛1 +  𝐶1(𝑙𝑜𝑔𝜎𝑖)𝑛2  (4-7) 

Generally, a simple non-linear approach is defined as:  

   𝐿𝑜𝑔𝑁𝑓 =  𝐶0 +  𝐶1(𝑙𝑜𝑔𝜎𝑖) + 𝐶2(𝑙𝑜𝑔𝜎𝑖)2  (4-8) 

where 𝐶0, 𝐶1 and  𝐶2 are empirical constants that define the fatigue life [24,46]. Non-linear 

schematisation will not be the focus of this research. However, it is worth acknowledging 

the effects that the constants in equation (4-8) for example, will have on the shape of a 

fatigue curve. Specifically, 𝐶0 defines a position on the ordinate axis, resulting in a parabola 

that either opens upwards or opens downward. The shape of the parabola is determined by 

the sign of 𝐶2. A positive 𝐶2 causes the parabola to open upwards, with 𝐶0 determining the 

minimum point on the estimated curve. Conversely, a negative 𝐶2, positions 𝐶0 as the 

maximum point on the estimated mean curve. For very small values of 𝑙𝑜𝑔𝜎𝑖, the second 

term does not significantly impact the shape of the curve. However, 𝐶1 translates the turning 

point of the parabolic mean curve depending on its magnitude and direction. The translation 

is diagonal while ensuring that the curve includes the point 𝐶0. A positive 𝐶1 translates the 

turning point onto the third quadrant, while a negative 𝐶1 will translate the turning point 

onto the fourth quadrant. 

It is also important to acknowledge the significance of the bilinear and hyperbolic models 

proposed in Ref. [16,19] for ultra-high-cycle regimes, particularly when dealing with large 

data sets. These models provide valuable insights and are based on non-linear 

considerations. However, a comprehensive discussion of these non-linear aspects is beyond 

the scope of this research. 

4.3.2 Other essential statistical assumptions in addition to linearity 

Log normally distributed: the fatigue life is normally distributed or log-normally 

distributed in the log-log space for any stress levels. This is achieved by assessing whether 
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the probability plot in the log-log space departs from the mean S-N curve and follows a 

linear trend. In this paper, it is assumed that, at each stress level, the fatigue life has a normal 

distribution around the mean life. 

Statistical Independence: The fatigue life of any single sample is considered independent 

of the fatigue lives of other samples or data points. This independence can be verified by 

examining the residuals of 𝑙𝑜𝑔𝑁𝑓 in the datasets to ensure there are no recurrent patterns. 

If any noticeable patterns emerge, the data is grouped accordingly, and an analysis of 

variance (ANOVA) is conducted on the data. 

Homogeneity and standard deviation: It is assumed that, at each stress level, the variance 

and standard deviation of fatigue life are constant. This assumption is verified by examining 

the plots of residuals from the mean curve with 𝑙𝑜𝑔𝜎. To assess statistical homogeneity, 

Bartlett’s test is applied if the fatigue life is normally distributed at each stress level; 

otherwise, Levene’s test is used. It's important to note that while these tests are relevant, 

they are not the primary focus of this research and will not be used in the subsequent 

analysis of the results. 

4.4 Fitting the S-N mean curve and confidence interval 

Having asserted the above essential assumptions, the first challenge in this chapter, namely 

the method of fitting a mean S-N curve onto an experimental fatigue data set, can be 

addressed. The statistical approaches chosen for this study use the same process for the 

mean curve, i.e., the regression analysis. The regression analysis uses the least squares 

approximation [27,28,46] to determine the parameters of the mean curve by minimising the 

sum of the squares of the differences between the observed dependent variable (fatigue life) 

and the output of the linear function of the independent variable (stress levels). 

Consequently, estimates of the slope and intercept are generated. This is possible by 

applying a log − log plot of the data assuming a log-normal distribution of fatigue life at 

each stress level. The estimated mean curve has a 50% probability of survival, (i.e. 𝑃𝑠 =

50%) and the function that defines the equation of the regression curve defined in equation 

(4-1) has an error band is defined as [28,46]: 

 𝑙𝑜𝑔 𝑁𝑓  =  𝐶𝑜 +  𝐶1𝑙𝑜𝑔 𝜎𝑖 + 𝜉   (4-9) 
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where  𝜉 is the unknown random measurement error connected with the estimation of 

fatigue life. The maximum likelihood method can also be used to determine the parameters 

𝐶𝑜 and 𝐶1 because of its good statistical properties [29,47]. However, the main disadvantage 

is that the likelihood equations need to be derived for each specific distribution, which can 

be cumbersome. To simplifier this process, the least squares approach will be used to 

estimate the parameters in the mean curve [9,27,48–50]. Thus 𝐶𝑜 and 𝐶1 are estimated at 

the mean points of the dataset as: 

    𝐶1 =  
∑ [𝑙𝑜𝑔 (𝜎𝑖) − 𝑙𝑜𝑔𝜎𝑖

̅̅ ̅̅ ̅̅ ̅][𝑙𝑜𝑔 (𝑁𝑖) −  𝑙𝑜𝑔𝑁𝑖
̅̅ ̅̅ ̅̅ ̅]  𝑛

𝑖=1  

∑ [𝑙𝑜𝑔 (𝜎𝑖) − 𝑙𝑜𝑔𝜎𝑖
̅̅ ̅̅ ̅̅ ̅]2𝑛

𝑖=1  
 (4-10) 

 

    𝐶0 =  𝑙𝑜𝑔𝑁𝑖
̅̅ ̅̅ ̅̅ ̅ −  𝐶1𝑙𝑜𝑔𝜎𝑖

̅̅ ̅̅ ̅̅ ̅ (4-11) 

 

in which 𝑛 is the sample set and 𝑖 =  1,2. . 𝑛. 𝑙𝑜𝑔𝜎𝑖
̅̅ ̅̅ ̅̅ ̅ is the mean of log stress levels and 

𝑙𝑜𝑔𝑁𝑓𝑖
̅̅ ̅̅ ̅̅ ̅̅ ̅ is the mean of the log of fatigue life. The inverse slope 𝑘,  whose value is of great 

significance in fatigue analysis and design, and in the least squares estimation is defined 

as: 

    𝑘 =  − 𝐶1   (4-12) 

 

According to this schematisation, the endurance limit 𝜎0,50%, at the corresponding 

reference number of cycles 𝑁𝐴, can be determined as, 

   
σ0,50% = [

10C0

NA
]

1
k

 (4-13) 

Having estimated the parameters in the mean S-N curve, what follows is an estimate of the 

amount of uncertainty associated with the mean curve otherwise known as the confidence 

interval. 

4.4.1 Confidence level of the estimators C0 and C1 of the mean S-N curve 

The parameters defining the mean S-N curve 𝐶0 and 𝐶1 are estimates and have associated 

confidence intervals. This confidence level defines the probability that each parameter will 

fall within a specified range of values. With a 95% confidence level, it is expected that 95% 

of the time the suggested parameter will exist within this limit.
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Assuming that all the arguments described in section 4.3 are true, and the estimators of C0 

and 𝐶1 are normally distributed irrespective of the sample size, a t-distribution is used to 

determine the confidence interval for these parameters [9,13,38]. The confidence interval 

for C0 is defined as: 

 

𝐶0 − 𝑡𝑝𝑠√
1

𝑛
+  

𝑙𝑜𝑔𝜎𝑖
̅̅ ̅̅ ̅̅ ̅ 2

∑ (𝑙𝑜𝑔𝜎𝑖 −  𝑙𝑜𝑔𝜎𝑖
̅̅ ̅̅ ̅̅ ̅ )

2𝑛
𝑖=1

≤  𝐶0

≤  𝐶0 + 𝑡𝑝𝑠√
1

𝑛
+  

𝑙𝑜𝑔𝜎𝑖
̅̅ ̅̅ ̅̅ ̅ 2

∑ (𝑙𝑜𝑔𝜎𝑖 − 𝑙𝑜𝑔𝜎𝑖
̅̅ ̅̅ ̅̅ ̅ )

2𝑛
𝑖=1

 

 

(4-14) 

 

where tp is the critical value of the t-distribution patterning to a probability of survival PS, 

and s is the unbiased estimator of the standard deviation of fatigue life defined by equation 

(4-15) [26,31,34,43,51] where logNi is the log of observed live at the stress level. 

    𝑠2 =
∑ (𝑙𝑜𝑔𝑁𝑓𝑖 − 𝑙𝑜𝑔𝑁𝑓)

2𝑛
𝑖=1

𝑛 − 2
 (4-15) 

Similarly, C1 will lie within the limits defined by, 

   𝐶1 −
𝑡𝑝𝑠

∑ √𝑙𝑜𝑔𝜎𝑖 − 𝑙𝑜𝑔𝜎𝑖
̅̅ ̅̅ ̅̅ ̅ 𝑛

𝑖=1

≤  𝐶1 ≤ 𝐶1 +
𝑡𝑝𝑠

∑ √𝑙𝑜𝑔𝜎𝑖 − 𝑙𝑜𝑔𝜎𝑖
̅̅ ̅̅ ̅̅ ̅ 𝑛

𝑖=1

 (4-16) 

 

These estimations remain valid under the condition that the life estimation of a random 

sample is independent, and all the previously defined assumptions hold true, with the 

additional requirement that there are no runouts in the fatigue data set. 

4.4.2 Confidence level of the mean S-N curve (ASTM) 

Based on the assumptions defined in section 3.1, the confidence interval for the mean curve 

is defined by: 

    Log𝑁𝑓 =  𝐶0  +  𝐶1 𝑙𝑜𝑔𝜎𝑖  ± √2𝐹𝑝s√
1

𝑛
+  

(𝑙𝑜𝑔𝜎𝑖 − 𝑙𝑜𝑔𝜎𝑖
̅̅ ̅̅ ̅̅ ̅ )

2

∑ (𝑙𝑜𝑔𝜎𝑖 −  𝑙𝑜𝑔𝜎𝑖
̅̅ ̅̅ ̅̅ ̅ )

2𝑛
𝑖=1

 (4-17) 

The confidence interval uses a constant 𝐹𝑝, known as the critical value of the F – 

distribution (otherwise called the Snedecor distribution) which is read from statistical tables 

found in Refs. [9,13,27,35]. In addition, the actual mean S-N curve is only an 

approximation of the best straight line representing the dataset in the interval of the stress 

levels used during testing, with estimators defined with a confidence level of 95%. 
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Consequently, confidence levels for the entire mean S-N curve with a confidence greater 

than 95% is not recommended for this mean curve and this method should not be 

recommended to extrapolate the S-N curve beyond the test interval. 

The curves generated using equation (4-17) produces hyperbolas which are closest to the 

mean curve at the mean points as illustrated in Figure 4-4. These hyperbolic curves are of 

little interest to design engineers and will be transformed to parallel lines that provide the 

confidence interval along any stress level [13,24,46] and is used to generate the scatter 

band. The length of the perpendicular bisector at the mean point to the mean S-N curve 

determines the position of the parallel curves and this is half the size of the confidence 

interval. The endurance limit 𝜎0,𝑃% at 𝑁𝐴 cycles to failure of the mean curve characterised 

by a probability of survival 𝑃𝑠 = 𝑃% is estimated as: 

    𝜎0,𝑃% = [
10(𝐶0−𝐾𝐷(𝐴𝑆𝑇𝑀)𝑠)

𝑁𝐴
]

1
𝑘⁄

 (4-18) 

In which 𝐾𝐷(𝐴𝑆𝑇𝑀) is the scatter factor and is defined as: 

    𝐾𝐷(𝐴𝑆𝑇𝑀) = √
2𝐹𝑝

𝑛
 (4-19) 

The critical value 𝐹𝑝, of the F – distribution is dependent on the probability of survival. In 

a similar way, the endurance limit 𝜎0,(1−𝑃)%, at 𝑁𝐴 cycles to failure of the line delimiting 

the calculated scatter band, with a probability of survival 𝑃𝑠 = (1 − 𝑃)% is defined as: 

     𝜎0,(1−𝑃)% = [
10(𝐶0+𝐾𝐷(𝐴𝑆𝑇𝑀)𝑠)

𝑁𝐴
]

1
𝑘⁄

 (4-20) 
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Figure 4-4  Hyperbolic curves showing the confidence interval of a mean curve and the 

associated data points 

These are parallel lines which are equidistant from the mean S-N curve define the region 

for the confidence interval of the mean S-N curve. By determining these two reference 

stress levels, the scatter band to this confidence interval can calculated as: 

    𝜏𝜎(𝐼𝐼𝑊) =
𝜎0,(1−𝑃)%

𝜎0,𝑃%
 (4-21) 

Before proceeding to address the second challenge of generating fatigue design curves and 

their associated scatter bands, it is necessary to explore the wide range of available 

approaches that are applicable in the industry. 

4.5 The design curves (scatter factors) based on ASTM, IIW and Linear 

Regression Method 

Having determined the mean curve that is common to all the approaches and also explored 

some of the approaches that are used in the industry, this section will explain how the 

standardised methods suggested by the ASTM, the IIW and the Linear Regression Method 

are used to construct the design curve based on a probability of survival, and the associated 

scatter bands using their respective scatter factors. The ASTM approach that uses prediction 

limits to determine a design curve and scatter band will be considered in this case. 

4.5.1 ASTM  

According to Ref. [8,9,13], the ASTM assumes the considerations described in section 4.3 

on censored data. In this standard, the S-N relationships are approximated by 𝑙𝑜𝑔 − 𝑙𝑜𝑔 
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plots in the MCF where it is considered linear. ASTM standard reiterates the variance be 

defined as: 

    s2 =
∑ (𝐿𝑜𝑔𝑁𝑓 − 𝐿𝑜𝑔𝑁𝑖)

2𝑛
𝑖=1

𝑛 − 2
 (4-22) 

wherein the term (𝑛 − 2) in the denominator is the adjusted degrees of freedom patterning 

to 𝐶0 and 𝐶1 and enables the variance to be unbiased. In cases where the data is fitted to 

standard curves with predetermined parameters, for instances in approaches where 𝐶1 =

3,5, . ., the degree of freedom in this case is adjusted to 𝑛 − 1. The prediction limits for 

which the lower limit is the design curve is defined as [38,43]: 

     Log𝑁𝑓,𝐷 =  𝐶0  +  𝐶1 𝑙𝑜𝑔𝜎𝑖  ± √2𝐹𝑝s√1 +
1

𝑛
+ 

(𝑙𝑜𝑔𝜎𝑖  −  𝑙𝑜𝑔𝜎𝑖
̅̅ ̅̅ ̅̅ ̅ )

2

∑ (𝑙𝑜𝑔𝜎𝑖  −  𝑙𝑜𝑔𝜎𝑖
̅̅ ̅̅ ̅̅ ̅ )

2𝑛
𝑖=1

 (4-23) 

   

 

   
𝐾𝐷(𝐴𝑆𝑇𝑀) = √2𝐹𝑝 (1 +

1

𝑛
) (4-24) 

Following on from equation (4-23)(4-24) and (4-24), the reference stress at the reference 

cycle is as defined in equation (4-13). The prediction limit at this point based on a 

probability of survival is established. Subsequently, the endurance limit 𝜎0,𝑃%, with a 

probability of survival 𝑃%, is determined using the equation: 

 

𝜎0,𝑃%(𝐴𝑆𝑇𝑀) = [
10(𝐶0−𝐾𝐷(𝐴𝑆𝑇𝑀)𝑠)

𝑁𝐴
]

1
𝑘

 (4-25) 

Similarly, the endurance limit in error at (1 − 𝑃) delimiting the interval generated by the 

design curve can be calculated using the equation: 

 

𝜎0,(1−𝑃)%(𝐴𝑆𝑇𝑀) = [
10(𝐶0+𝐾𝐷(𝐴𝑆𝑇𝑀)𝑠)

𝑁𝐴
]

1
𝑘

 (4-26) 

The scatter band 𝜏𝜎, according to the ASTM is calculated as: 

 𝜏𝜎(𝐴𝑆𝑇𝑀) =
𝜎0,(1−𝑃)%(𝐴𝑆𝑇𝑀)

𝜎0,𝑃%(𝐴𝑆𝑇𝑀)
 (4-27) 
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4.5.2 IIW  

The IIW also takes into consideration the assumptions explained in section 4.2.34.3 The 

mean curve is generated using the same procedure as defined using estimates detailed in 

section 4.4 [9,34]. Accordingly, the scatter factor used to calculate the scatter band with a 

95% confidence level uses a student t – distribution and is defined as: 

Log𝑁𝑓,𝐷 = 𝐶0 + 𝐶1𝑙𝑜𝑔𝜎𝑖  ± 𝑡 𝑠√1 +  
1

𝑛
+  

(𝑙𝑜𝑔𝜎𝑖  −  𝑙𝑜𝑔𝜎𝑖
̅̅ ̅̅ ̅̅ ̅ )

2

∑ (𝑙𝑜𝑔𝜎𝑖  −  𝑙𝑜𝑔𝜎𝑖 ̅̅ ̅̅ ̅̅ ̅̅  )
2𝑛

𝑖=1

 (4-28) 

𝐶0 and 𝐶1are constants as described in section 4.4.1. 𝑡 is the corresponding percentage point 

of the Student’s 𝑡 distribution with of degrees of freedom equal to 𝑛 − 2 and 𝑠2 the best 

guess of the variance around the mean curve.  

For a large sample sizes, the IIW approximates the term 1 𝑛⁄  in equation (4-28) to zero, in 

accordance with Gurney and Maddox as reported in Ref. [26,34]. Consequently, this term 

in the prediction equation is ignored for a sample size of 20 or more, which only accounts 

for a 2% error in the estimation of the width of the scatter band. For a sample set less than 

10, the term under the square root sign assumes the value of one as well as the degrees of 

freedom is adjusted to 𝑓 =  𝑛 − 1 as summarised in a Table 2. For 𝑛 ≤ 10, consider the 

extreme case under this condition where 𝑛 = 1. This means that 
1

𝑛
= 1 and the point 

variance of each of the data is always less than one. Therefore, the term under the square 

root sign in equation (4-28) can be approximated to 1 without great loss in the size of the 

scatter band. Similarly, for 𝑛 ≥ 20, the extreme case corresponds to 𝑛 = ∞, for 

which 1/𝑛 ≈ 0. The degree of freedom is adjusted which reduces the size of the 

corresponding scatter band by a very negligible amount. The scatter factor 𝐾𝐷(𝐼𝐼𝑊), 

according to the IIW is calculated as: 

 

   
𝐾𝐷(𝐼𝐼𝑊) = t√1 +

1

𝑛
 (4-29) 

Similar to the other approaches under review, the endurance level 𝜎0,𝑃%(𝐼𝐼𝑊), for a 

probability of survival 𝑃 is defined as in equation (4-30), while the endurance limit in error 

at the reference cycle 𝜎0,(1−𝑃)%(𝐼𝐼𝑊) is defined in equation (4-31). 
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𝜎0,𝑃%(𝐼𝐼𝑊) = [
10(𝐶0−𝐾𝐷(𝐼𝐼𝑊)𝑠)

𝑁𝐴
]

1
𝑘

 (4-30) 

and  

 𝜎0,(1−𝑃)%(𝐼𝐼𝑊) = [
10(𝐶0+𝐾𝐷(𝐼𝐼𝑊)𝑠)

𝑁𝐴
]

1
𝑘

 (4-31) 

Therefore, the scatter band generated according to the IIW is defined as,  

 𝜏𝜎(𝐼𝐼𝑊) =
𝜎0,(1−𝑃)%(𝐼𝐼𝑊)

𝜎0,𝑃%(𝐼𝐼𝑊)
 (4-32) 

 

Table 4-2 Calculating the size of scatter band which is dependent on sample size as 

recommended by the IIW 

Calculating estimate in error with 

small sample set 

Calculating estimate in error with large sample set 

𝑛 ≤ 10 𝑛 ≥ 2𝑜 

√1 + 
1

𝑛
+  

(𝑋 − 𝑋𝑚)2

∑ [𝑋𝑖 −  𝑋𝑚]2𝑛
𝑖=1

= 1 
1

𝑛
= 0√1 +   

(𝑋 −  𝑋𝑚)2

∑ [𝑋𝑖 −  𝑋𝑚]2𝑛
𝑖=1

 

 

Y(x) =  �̂�(𝑋) − 𝑡 ∗ 𝑠 Y(x) =  �̂�(𝑋) − 𝑡 ∗ 𝑠 ∗ √1 +   
(𝑋 −  𝑋𝑚)2

∑ [𝑋𝑖 −  𝑋𝑚]2𝑛
𝑖=1

 

𝑌(𝑥) = 𝐶0 + 𝐶1. 𝑋𝑚 ± 𝑡 . 𝑠. 

 

𝑌(𝑥) = 𝐶0 + 𝐶1. 𝑋𝑚

± 𝑡 . 𝑠. √1 +   
(𝑋 −  𝑋𝑚)2

∑ [𝑋𝑖 −  𝑋𝑚]2𝑛
𝑖=1

 

𝑠 =  √
∑ [𝑌𝑖 − 𝑌(𝑥𝑖)]2𝑛

𝑖=1

𝑛 − 2
 𝑠 =  √

∑ [𝑌𝑖 − 𝑌(𝑥𝑖)]2𝑛
𝑖=1

𝑛 − 1
 

 

4.5.3 Linear Regression  

According to the linear regression schematisation, the predicted mean curve follows 

through the assumptions defined in section 4.3 [14,43,52,53]. The estimated constants 𝐶0 

and 𝐶1 are also estimated using the method described in section 4.4. The endurance limit 
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can be gotten by computing 𝜎0 using equation (4-13). However, the variance is calculated 

as:  

 s2 =
∑ (𝐿𝑜𝑔𝑁𝑓 − 𝐿𝑜𝑔𝑁𝑖)

2𝑛
𝑖=1

𝑛 − 1
 (4-33) 

The unbiased condition is attained by reducing the degrees of freedom by 1. i.e., 𝑓 = 𝑛 −

1 [28,53]. Consequently, the reference stress level at 𝑁𝐴 cycles to failure for various 

probabilities can be computed using the standard deviation, the reference stress level at 

𝑃50%, and other empirical constant 𝑞, which is read of standard statistical tables for 

normal or log-normal distributions found in Refs. [13,36,43,53]. These values are 

dependent on the desired probability of survival, confidence level and sample set. In this 

context the endurance limit is defined using the scatter factor 𝐾𝐷(𝐿𝑀) and the empirical 

constants 𝑞 as: 

 

𝜎0,𝑃%(𝐿𝑀) =  𝜎0 [
𝑁𝐴

10𝑙𝑜𝑔 (𝑁𝐴 )+𝑞𝑠 
]

1
𝑘
 (4-34) 

This has been established by using the well-known Wöhler relationship which considers 

that for a material with a fatigue limit and a known value of the inverse slope 𝑘, this 

equation is always true. Alternatively, materials without a defined fatigue limit, the 

endurance limit is determined, and equation (4-36) holds true whenever 𝑁𝑓 ≤ 𝑁𝐾𝑃, where 

𝑁𝐾𝑃 is the fatigue life at the knee point. 

 𝜎𝑘𝑁𝑓 =  𝜎0
𝑘𝑁0 = 𝜎𝐴

𝑘𝑁𝐴 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (4-35) 

 𝜎𝑘1𝑁𝑓 =  𝜎𝐾𝑃
𝑘1𝑁𝐾𝑃  (4-36) 

𝜎𝑖 is the stress level corresponding with the fatigue life 𝑁𝑓 at that point. Thus, the delimiting 

endurance limit is defined as:  

 

𝜎0,(1−𝑃)%(𝐿𝑀) =  𝜎0 [
𝑁𝐴

10𝑙𝑜𝑔 (𝑁𝐴 )−𝑞𝑠 
]

1
𝑘
 (4-37) 

Similarly, the scatter band according to this approach can be written as: 

 𝜏𝜎(𝐿𝑀) =
𝜎0,(1−𝑃)%(𝐿𝑀)

𝜎0,𝑃%(𝐿𝑀)
 (4-38) 
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4.6 Application of the ASTM, IIW and LRM on theoretical data sets 

Setting out to explore the various approaches, will be achieved by applying them to both 

theoretical data sets and experimental fatigue data sets sourced from literature. By 

analysing these diverse data sources, valuable insights will uncover patterns that will justify 

the application of each approach. This section, therefore, is intended to explore the impacts 

of the variation in fatigue data due to the aforementioned approaches. Particularly, the 

effects of varied statistical characteristics that define the scatter band. To achieve this, some 

theoretical data sets have been generated with defined parameters, by continuous correction 

and improvement until the desired statistical properties were achieved. The complexity and 

cost of generating experimental data sets with desired statistical characteristics, and the 

time involved have been the motivation for applying this approach. Moreover, it cannot be 

determined a priory if a set of specimens will generate data sets with predetermined 

statistical characteristics. The inverse slopes chosen range from 30 – 3, which are common 

with plain and notched metals, and the spreads will vary from a base standard deviation to 

about three times the base standard deviations. In addition, the impact of the level of 

percentage replication and degrees of freedom will also be investigated.  

4.6.1 Impact of slope in fatigue data on scatter bands 

Consider fatigue data generated such that the inverse slope increases as summarised in 

Table 4-3 such that each data set has approximately the same level of spread in the direction 

of fatigue life. The replication level of 75% is constant throughout which is a requirement 

for experimental data to be used for design [24,35,46]. The mean curves produced by 

applying the various approaches are summarized in Figure 4-5, as well as the design curves 

for a 95% probability of survival in the scatter factors described in the approaches 

previously.  

The data sets for the various slopes are randomly generated such that the resulting curve 

always lies within the same critical stress range, and each data set produced a required value 

of the slope. Since these curves have not been systematically generated using reference 

points, hence the analysis will be limited only to how the scatter band changes with the 

various approaches, with no reference to the respective endurance limits.  

According to the data summarised in Figure 4-6, as the inverse slope increases, the size of 

the scatter bands for each of the approaches reduces. Additionally, for very large values of 

inverse slope, it is observed that the sizes of the scatter bands converge to similar sizes. 

Hence it can be concluded that for fatigue data with equal variances in the direction of 
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fatigue life, the design curves described by ASTM, IIW, and LRM approaches all agree for 

high values of inverse slopes. 

Table 4-3 Randomly generated theoretical data sets such that the inverse 

slope increases.  

 k =3 k =10 k =15 k =25 

  

(MPa) 

Nf 

[cycles] 
 

(MPa) 

Nf 

[cycles] 
 

(MPa) 

Nf 

[cycles] 
  

(MPa) 

Nf 

[cycles] 

300 7301 300 1547 300 2991 300 1547 

300 1245 300 2001 300 3045 300 586 

300 1685 295 5400 300 5701 295 2585 

300 4505 295 5487 300 3905 295 4587 

250 6498 290 8575 275 4498 290 2598 

250 12560 290 14587 275 2454 290 6587 

250 4510 290 9588 275 2584 290 7542 

250 6500 290 12458 275 3542 290 12458 

200 8250 280 15785 250 6998 280 19546 

200 16040 280 16040 250 9854 280 25489 

200 14456 280 14456 250 16258 280 32544 

200 11000 280 11000 250 24887 280 52458 

150 88001 270 88001 225 140945 270 100001 

150 94000 270 94000 225 239825 270 73942 

150 95254 270 95254 225 255856 270 99658 

150 89580 270 89580 225 669524 270 101254 

100 128100 260 128100 200 435456 260 128100 

100 121023 260 121023 200 875687 260 151023 

100 128600 240 128600 200 648754 240 158001 

100 127210 190 127210 200 1258214 230 1394825 
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a) 

 
b) 

 
c) 

 
d) 

 
e) 

 
f) 

 
g) 

 
h) 

Figure 4-5 Scatter bands and 95% design curves with increasing inverse slopes for the data in Table 4-3. a) 

k=3.00 scatter band, b) k=3.00 design curve, c) k=10 scatter band, d) k=10 design curve e) k=15 scatter band f) 

k=10 design curve, g) k=25 scatter band h) k=25 design curve 
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Figure 4-6 The change in scatter bands with increasing inverse slope 

4.6.2 Impact of variability in fatigue data on scatter bands  

The spread of statistical data shows how extreme the values in the data set occur. The spread 

can be variated by either altering the range in stress level, determining the variance or 

standard deviation, and/or determining the absolute deviations or the interquartile range. 

Table 4-4, shows data with increasing spread from one base standard deviation to three 

times the base standard deviations at each of the stress levels. This is the weighted spread 

with a replication level of 75%. Each graph is generated by considering the data in the first 

column, with each of the data series columns. The mean curves along with the design curves 

are illustrated in Figure 4-7. 

The relationship between the weighted spread and the variance of the entire data set is not 

always straightforward. Increasing the weighted spread from one standard deviation to 

multiple standard deviations does not necessarily affect the overall variance. However, it 

does have an impact on the endurance stresses of the design curves, causing them to 

decrease. This is reflected in the drop height of the design curves compared to the mean 

curve. It is noteworthy that the approach recommended by ASTM is particularly influenced 

by an increase in the spread of fatigue data.  

An increase in the design curve will generate a similar size in the error of probability of 

survival, in this case 95%. This is because the prediction limits are always symmetrical 

about the mean curve. Consequently, as the spread of fatigue data increases, the prediction 

limits also increase, as depicted in Figure 4-8. The size of the scatter bands also increases, 

and notably, the ASTM approach exhibits a more conservative stance compared to other 

approaches. 
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Table 4-4 Theoretical data generated such that the variance 

is increasing, while percentage replication, sample set, and 

inverse slope kept constant. The stress level is paired with 

each data column in 𝑁𝑓 (cycles) 

 (MPa) 𝑁𝑓 (cycles) 

Data 1 Data 2 Data 3 Data 4 

300 3650 1450 1650 1020 

300 3345 3345 3145 7145 

300 3685 11295 19995 24869 

300 10505 16505 20985 29985 

250 5498 3599 5599 3599 

250 11560 16750 22750 29120 

250 3510 3510 2310 2310 

250 5500 14500 20990 17990 

200 9250 6002 7002 3992 

200 17040 21004 32704 37804 

200 15456 20391 19654 18004 

200 12000 17014 18914 29914 

150 28060 31860 25860 22860 

150 20600 20851 20151 21171 

150 23754 23754 34954 45954 

150 27580 35892 44102 47292 

100 108100 118100 125700 129901 

100 101123 101123 100923 99923 

100 108600 108200 115801 129801 

100 107210 108980 108980 112780 

 

It would be expected that within the same stress range, if the spread in the fatigue data 

increases in multiples of the variance, the endurance limit tends to reduce and hence the 

design stress level also reduces. Thus, the scatter bands should increase also. However, due 

to the limitations associated with generating this virtual data, the changes in the endurance 

limit will not be discussed here due to its inherence in fatigue data, a characteristic of each 

material. 

 When considering a range of two standard deviations, the scatter bands produced by the 

ASTM, IIW, and LRM approaches exhibit similarity. However, as the spread of data 

increases beyond this range, the approaches start to diverge, showing differences of up to 

50%. In such cases, the ASTM approach tends to be more conservative in its predictions 

compared to the other approaches. 
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a) 

  
b) 

  
c) 

 
d) 

  
e) 

 
f) 

  
g) 

  
h) 

Figure 4-7 Increasing spread and scatter band for 95% probability of survival from 

Table 4-4. a&b data series 1, c&d data series 2, e&f data series 3 and g&h data series 

4 scatter bands and design curves respectively 
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Figure 4-8 Change of scatter band with increasing standard 

deviation 

 

4.6.3 Impact of replication percentage on scatter bands 

Consider for example the data summarised in Table 4-5. The levels of replication and 

application have been summarised in Table 4-1. The replication levels have been carefully 

selected such that the various replications levels are analysed. The stress levels range has 

been kept constant as well as the overall spread of fatigue life at s ≅ 0.18. The only varied 

parameter in this case is the stress level and the number of specimens at each stress level. 

The various scatter bands generated using the approaches in this study have been 

summarised in Figure 4-9 along with the design curves with a 95% probability of survival. 

The scatter bands remain constant as the percentage replication increases as illustrated by 

the graph in Figure 4-10.  
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Table 4-5 Variated replication level of theoretical fatigue data with constant 

variance, sample set and inverse slope 

R = 20% R=35% R = 55% R = 75% 

 

(MPa) 

𝑁𝑓 

(cycles) 

 

(MPa) 

𝑁𝑓 

(cycles) 

 

(MPa) 

𝑁𝑓 

(cycles) 

 

(MPa) 

𝑁𝑓 

(cycles) 

300 3650 300 3650 300 3650 300 3650 

290 3345 290 3345 300 3345 300 3345 

280 3685 280 3685 280 3685 300 3685 

270 10505 275 10505 280 10505 300 10505 

260 5498 265 5498 250 5498 250 5498 

250 11560 255 11560 250 11560 250 11560 

240 3510 240 3510 230 3510 250 3510 

230 5500 240 5500 230 5500 250 5500 

220 9250 235 9250 200 9250 220 9250 

210 17040 235 17040 200 17040 220 17040 

200 15456 180 15456 175 15456 220 15456 

190 12000 180 12000 175 12000 220 12000 

160 28060 160 28060 165 28060 150 28060 

160 20600 160 20600 165 20600 150 20600 

130 23754 140 23754 150 23754 150 23754 

130 27580 140 27580 150 27580 150 27580 

115 108100 115 108100 100 108100 110 108100 

115 101123 115 101123 100 101123 110 101123 

100 108600 100 108600 100 108600 110 108600 

100 107210 100 107210 100 107210 110 107210 
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a) R = 20% 

 
b) R = 20% 

 
c) R = 35% 

 
d) R = 35% 

 
e) R = 55% 

 
f) R = 55% 

 
g) R = 75% 

 
h) R = 75% 

Figure 4-9 Variated replication showing parabolic scatter bands and 95% design curves respectively of 

theoretical fatigue data with constant variance, sample set and inverse slope and spread. a&b) 20%, c&d) 

35%, e&f) 55% and g&h) 75% 
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Figure 4-10 Change in the size of scatter band with percentage 

replication 

4.6.4 Impact of sample size on scatter bands 

Table 4-1 details the various sample sizes in fatigue experiments about the purpose for 

which the data is intended. Accordingly, this sets a minimum sample set of six specimens 

with at least four stress levels such that there is always the presence of replicate data. 

Attention will be limited in this case to data for preliminary studies requiring just about 6 

to 12 data points. Consider the data in Table 4-6 in which each set of data has the same 

sample standard deviation of about 0.9 and with just at least one pair of replicate data in 

the sample sets. The stress level range is also constant, and the only varying parameter is 

the degrees of freedom. 

Table 4-6 Theoretical fatigue data with a varied sample set with constant 

percentage replication and variance 

n = 6 n = 8 n = 12 

𝜎 (MPa) Nf(cycles) 𝜎 (MPa) Nf(cycles) 𝜎 (MPa) Nf(cycles) 

290 4682 290 2912 290 1956 

270 56245 280 45258 280 17256 

250 123254 270 60254 270 36124 

230 358222 250 135246 260 49123 

210 1235452 230 452132 255 65123 

210 1352658 220 985254 250 85568 

  210 1113256 240 92624 

  210 1292583 230 109253 

    220 852358 

    215 1052581 

    210 1088653 

    210 1366875 
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The graphs summarised in Figure 4-11 illustrates how the scatter band changes as the 

degrees of freedom increase. Generally, a large sample size leads to more statistically 

significant results, a better estimation of population parameters and a reduction in the 

impacts caused by random variability. However, this does not have a noticeable impact on 

the changes in the proportion of the scatter bands considered in this case. Hence, the size 

of the scatter band considering each of the approaches change to the same extent, is constant 

as long as the stress range and standard deviation are kept constant. This is illustrated by 

the graph in Figure 4-12 
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a)  

 
b)  

 
c)  

 
d) 

 
e) 

 
f) 

Figure 4-11 Scatter bands and design curves for 95% probability of survival of varied magnitude of 

sample set a&b) 𝑛 = 6, c&d) 𝑛 = 8, and e&f) 𝑛 = 12. 

 

It should be noted that the analysis considered in this section has been adjusted as 

summarised in Table 4-2. Because, even when the adjustment is omitted, the impact on the 

size of the scatter band generated by IIW is not more than 2% [26,34,51], and therefore 

will have a negligible effect on the size of the scatter band in comparison with the other 

approaches. 
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Figure 4-12 Change in scatter bands as the sample set increases in the virtual data in 

Table 4-6 

Table 4-7 summarises the impacts of the statistical characteristics of fatigue data sets on 

the sizes of the scatter bands generated using the aforementioned approaches. The spread 

and the inverse slope are the deterministic parameters that greatly impact the fatigue design 

curve using the standardised approaches described in this study. 

Table 4-7 Summary of the changes in the size of the scatter band with the characteristics 

of fatigue data. 

Parameter Impact on scatter bands 

1) Inverse slope ➢ Scatter bands decrease with an increase in inverse slope 

➢ Scatter bands converge for inverse slopes ≥20. 

2) Spread 

(variance) 

➢ Scatter bands increase 

➢ For spread ≤ 2s, scatter bands are similar 

3) Replication ➢ No change in the size of scatter bands 

➢ Depending on the spread at each stress amplitude 

4) Sample size  ➢ No change in the size of scatter bands. 

➢ Depends on the overall spread of the data. 

 

4.7 Application of ASTM, IIW and LRM on fatigue data sets from literature 

The approaches were also tested on real fatigue data sets from the literature. Though it is a 

challenge to find fatigue data sets that have statistical characteristics that change in defined 

patterns, it is essential to see how these approaches are impacted by the varied statistical 

properties of experimental fatigue data. Table 4-8 summarises some of the fatigue data sets 

obtained from the literature that were used to compare these approaches.



               Chapter 4 Statistical Analysis of Fatigue Data sets 

152 
 

Table 4-8 Summary of fatigue data sets from literature with sample set, variances and inverse 

slope parameters determined. 

Source Description 

(fig/table) 

Sample 

set, n 

Inverse 

slope, k 

Variance, 

s2 

τσ(ASTM) τσ(IIW) τσ(LM) 

[54] Fig. 1 5 22.01 0.26 1.30 1.19 1.22 

[54] Fig. 2 4 41.49 0.29 1.24 1.143 1.14 

[54] Fig. 3 5 24.87 0.42 1.46 1.28 1.33 

[54] Fig. 4 4 33.88 0.23 1.24 1.145 1.14 

[54] Fig.9, Dry 6 17.82 0.09 1.09 1.06 1.07 

[54] Fig. 9, Aged 8 16.48 0.29 1.31 1.22 1.27 

[55] Fig. 11 16 16.22 0.16 1.14 1.10 1.12 

[56] Fig. 5 11 6.97 0.14 1.32 1.24 1.27 

[27] Tab 4.2 12 26.5 0.49 1.29 1.21 1.25 

[57] Fig. 5, Plain 

specimens 

7 7.71 0.13 1.31 1.21 1.26 

[57] Fig. 5, Blunt U-

notch 

8 3.50 0.08 1.43 1.29 1.36 

[57] Fig. 5, Sharp U-

notch 

7 3.40 0.12 1.78 1.50 1.64 

[57] Fig. 5, Sharp V-

notch 

9 2.65 0.21 3.2 2.33 2.76 

[58] Fig. 2a), R=0 6 7.25 0.31 2.22 1.73 1.92 

[58] Fig. 2b) 6 18.45 0.13 1.14 1.10 1.11 

[58] Fig. 3a), 

R = -1 

6 9.85 0.34 1.89 1.55 1.69 

[59] Fig. 5, TMM 4 11.51 0.26 2.06 1.57 1.55 

[59] Fig. 5, Exp. 4 17.32 0.25 1.58 1.33 1.32 

[59] Fig. 6, Exp. 5 17.83 0.37 1.59 1.36 1.42 

[59] Fig. 6, TMM 5 3.69 0.003 1.02 1.01 1.01 

[53] Fig. 6c), R = 0.1 8 4.38 0.24 2.34 1.84 2.09 

[53] Fig. 6c), R = -1 6 6.45 0.24 2.00 1.61 1.77 

[53] Fig. 6e), R=-1 11 10.77 0.40 1.68 1.50 1.58 

 

4.7.1 Impact of increasing inverse slope 

In as much as the variance and sample set are not constant, the sizes of the scatter band 

reduce and tend to arrive at a common size for high values of inverse slopes. At low values 

of the inverse slope, the impact on the scatter band is rigorous, though this could be 

dependent on the other statistical properties that characterise the data set. The scatter band 

from the ASTM approach is always bigger while those from the IIW and LRM approaches 

are similar as illustrated in Figure 4-13. 
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Figure 4-13 Trends in scatter band with an increasing inverse 

slope of selected fatigue datasets from the literature. 

 

4.7.2 Impact of variance 

As summarised in Table 4-8, the sizes of the scatter band for all data sets from the literature 

fall in the range between 1 and 3. As the variance increases, the sizes of the scatter bands 

increase and the ratio of each scatter band to the other remains fairly constant. The ASTM 

remains the approach that produces the largest scatter band. Figure 4-13 further illustrates 

the scatter bands of the data summarized in Table 4-8.  

4.7.3 Impact of the sample set and replication percentage  

No noticeable effect was observed when the data set was increased. However, the sizes of 

the scatter bands were dependent on the slope and variance of the fatigue data sets. This 

same effect was observed with the percentage replication as both properties of fatigue data 

only increase the accuracy and reliability of the estimated statistical properties of the data 

set.  

The graphs in Figure 4-14 compares the S-N curves in Ref. [59,60]. As the variance 

increases from 0.21 to about 0.42, the sizes of the scatter bands reduce. However, the 

inverse slope increases from 2.65 to 24.87, as well the endurance limits increase for these 

sets of fatigue data. It is difficult to attribute the change in the scatter bands to a change in 

any of the statistical properties because of their interdependence. This illustrates one of the
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challenges of using experimental data sets without defined patterns in the statistical 

properties to compare the impacts of the approaches reviewed in this chapter 

 

Figure 4-14 Comparing scatter bands of ASTM, IIW and LRM of fatigue 

data sets from literature with changing variance, inverse slope, and sample 

set. 

4.8 Remarks and conclusions on post-processing of fatigue data sets 

A sound understanding of the statistical behaviour of fatigue properties is essential for the 

design industry. To estimate the probability of survivals of materials, a suitable probability 

distribution function that is well suited for the data set is essential. While Weibull two and 

three parameter, log normal, extreme maximum value, smallest extreme value are well 

established distributions extensively used on fatigue data sets, priory knowledge on these 

distributions on the data is prerequisite. This might be tricky for use on new data sets on 

new materials and approaches described in this chapter provide an alternative approach to 

design with less knowledge on which distribution fits well on the data. However, some of 

the cutting-edge models for example the 9 parameters Weibull regression model [52] that 

can be estimated by maximum likelihood and also by non-linear regression analyses uses a 

regression model that includes the consideration of mean stress effects. 

Evidently, whenever a fatigue limit exists [61], the plots of fatigue life versus stress often 

exhibit curvature at lower stress levels. In addition to this, the variance of the fatigue life 

decreases as the stress levels increase. Ideally, the standard deviation should be modelled 

as a function of the stress levels for which an endurance limit can be estimated at that stress 

levels [47]. This is the model behind the fatigue limit approach of constructing the design 
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curves. This is quite straight forward as compared to the approaches described herein where 

the fatigue limit may not be known in advance, and particularly useful when considering 

endurance limits rather than the fatigue limits. However, the variability in design curves 

could be expected because of the fatigue limit dependent on the material structural 

properties which may vary from specimen to specimen. This limits the accuracy of the 

design curves generated using this approach to the factors that determine the fatigue limit 

of the material in question. 

In as much as the Maximum Likelihood Estimate methodology is the preferred method of 

analysis of censored and uncensored data using the staircase method to generate 

experimental results [29], this still attain some limitations and consequently, there does not 

exist a more preferred method to post process experimental fatigue censored data and the 

approach used by any organisation is a decision of choice. While some make use of safety 

factors, others choose a probabilistic approach for which this study owes its relevance. 

There are other cutting-edge approaches that use statistical considerations, some of which 

are the one-sided approximate Owen lower limit as well as the Weibull approaches which 

all agree to the approaches described in this chapter. Other organisations use software 

packages behind which the concepts are similar. This buttresses the fact that no method is 

more accurate than the other, however when cost, sustainability and critical application is 

put into perspective, some methods tend to be more favourable than others. 

Also, the approaches have been assumed to have a linear relationship from the fatigue data 

and there exist quite a few linear models [9,27] which differ in approach to estimate the 

parameters in the mean S-N curve. Linearity is not usually the case; fatigue test is expected 

to be carried out around stress levels where the S-N will be linear. This priory knowledge 

is dependent on the researcher and may not be assessable for new materials. However, the 

linear relation consideration has enabled the impacts of distributions that are symmetrical 

or tend to approximate to symmetric distributions under considerations. 

Furthermore, fatigue data has been censored by ignoring runouts or suspended tests. This 

is the simplified approach to runouts and results in the mean curve being biased slightly in 

the long-life regime [9]. While the ASTM advises against censoring fatigue data for good 

practice, however, there isn’t much difference on design curves with censored data. Though 

this is insignificant with low spreads, it becomes quite observant in situations with very 

low stress levels where the spread in fatigue life is very significant. Had it been the runouts 
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been treated as a failure as mentioned in Ref. [9], the biasness would increase further. In 

such a case, this will tilt the mean curve towards more conservativeness. Other methods 

consider runouts as failures for those that occur at stress levels above the reference stress. 

Maximum likelihood procedures consider runouts as part of the data to be analysed while 

the iterative least squares procedures are another option even though these approaches have 

proven to be quite rigorous.  

The use of prediction limits as the fatigue design curve in the ASTM approach has shown 

that it is very conservative. The approach detailed by the IIW is less conservative and differs 

from the LRM approach by not more than 5%. The adjustment in the scatter bands as 

described by the IIW approach makes great use of the statistical characteristics of the data 

set when compared with the LRM approach. However, the LRM is straightforward to use 

even though it is less sensitive to outliers and applies to all data. The LRM is not restricted 

by the sample sets when compared with the other models, especially the ASTM approach.  

More so, the LRM approaches assume data to be independent of each other. The fatigue 

life at high stress levels does not change at the same rate as at low stress levels. The fatigue 

life resulting from a stress level determines the next stress level during testing up to the 

vicinity of the endurance limit, yet the variance of this fatigue life increases along the S-N 

curve in reality. 

To conclude, considering the assumptions outlined in section 4.3, this chapter has 

undertaken a thorough comparison and evaluation of the fatigue assessment procedures 

recommended by ASTM, IIW, and LRM. The results clearly indicate that all three 

approaches lead to the attainment of a safe design methodology. Building upon the detailed 

analysis conducted in this study, which covers uniaxial S-N curves derived from both 

virtual fatigue data sets and some existing fatigue data sets from literature, the following 

conclusions can be drawn: 

• The IIW approach is the most non-conservative approach and would reduce any chance of 

overdesign when compared to the other approaches. This would be very applicable for 

sustainable components. The design curve in this case is dependent on the characteristics 

of the data, in particular the sample size and its spread. The use of a student t-distribution 

makes case for application due to the inherent null hypothesis with future population. The 

critical values for each probability can easily be calculated or read from statistical tables 

which are readily available in the literature. 
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• Sensitivity of the design approach to the spread of the fatigue data was observed more in 

the ASTM approach. This method is therefore very conservative and would substitute 

approaches with very large factors of safety or in designing critical parts of components. 

• Fatigue data with very little spread will not be affected greatly by the approach for the 

design curve. However, with very large probability of survivals used for design, care should 

be taken on which approach is recommended. 

• The simplest to use approach is the linear regression method and the empirical constants 

corresponding to sample sizes are defined in the ASTM standards for fatigue distributions 

with assumed shapes. This approach is not limited by the sample size of the data set. 

This section has provided a detailed description of post-processing fatigue data approaches. 

The following subsequent sections in this chapter will explain how to compare two S-N 

curves for statistical significance for any observed changes in the fatigue behaviour from 

experiments.  

4.9 Introduction to statistical significance of fatigue data sets 

Assessing fatigue data is crucial for designing resilient structures, but experimental fatigue 

datasets can vary significantly. Statistical analysis is a valuable tool for addressing this 

issue. Additionally, fatigue experiments are often time-consuming and expensive, making 

it essential to have a large amount of data for reliable design. To tackle these challenges, 

data sets from different sources can be used and apply standard methods for integration and 

validation, such as parametric analysis. This method helps identify differences in fatigue 

properties, revealing the underlying mechanical characteristics of materials and 

establishing significance across various experimental conditions. By consolidating fatigue 

data sets, reliability and reduction in time and cost of conducting numerous fatigue 

experiments can be improved. Consequently, confident conclusions from fatigue test data 

based on a predetermined level of significance can be established. 

4.10 Statistical test of significance between two S-N curves 

The question that this section is setting out to answer is that given two sample data sets, 

how can statistical approaches be employed to determine whether the difference in the data 

sets is statistically significant (different and are from different populations) or insignificant 

(similar and are from the same population)? In the context of this research, the section will 

illustrate how statistical approaches can be used to ascertain if the fatigue properties 

observed in uncharged specimens are significantly different from those obtained from 

hydrogen-charged specimens or insignificant. This is achieved using hypothesis testing 
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summarised by the flowchart in Figure 4-15 below [46,62].  By doing so, conclusions 

drawn from performed fatigue tests were made with confidence, relying on a predetermined 

level of significance. To accomplish this objective, additional fatigue data sets are needed 

to explain, test and validate the approach. For this reason, data will be generated from 

specimens with different notch geometries.  

Notches were particularly selected as the basis for generating fatigue data because they are 

well-known for reducing the endurance limit of engineering materials [63,64] and the 

inverse slope [65], effectively shifting the mean S-N curve downward. They also change 

the level of scattering depending on the notch root radius and the material type [66]. By 

using notches, therefore, it was then anticipated that the fatigue data sets generated were 

statistically significant.  

By using specimens with different notch geometry, allowed distinct fatigue data sets to be 

generated that were subsequently used to illustrate the statistical significance testing. 

Moreover, notch geometry was a parameter that could be conveniently controlled and 

accurately measured. For this PhD research, three different materials – steel, cast iron, and 

brass were used to produce the notched specimens, with three different notch diameters: 

1mm, 2mm, and 3mm. The results generated from notched specimens have been reported 

in Appendix B of this thesis. To begin with, what follows is a brief description of parametric 

and nonparametric statistical analyses. 
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Figure 4-15 Flow chart illustrating the use of test statistics in the null hypothesis 

testing [67] 

4.10.1 Brief overview of parametric and non-parametric analysis 

Parametric and non-parametric analyses are two types of statistical procedures through 

which disparities can be probed on fatigue data sets [68]. In parametric analysis, a fixed 

number of parameters are considered for statistical tests[69,70]. Here, statistical tests are 

carried out based on some assumptions about the data sets [71]. It requires less data as 

compared to non-parametric methods [72]. More so, the parametric analysis assumes that 

the data has a normal distribution and this approach works best when the spread in the data 

set of each data set is different [73]. The parameters analysed in this approach include the 

variance, slope, and intercepts. Meanwhile, non-parametric analysis tends to test medians. 

It is utilised based on fewer assumptions about data sets [74,75], and usually requires a 

large data set than parametric methods and has no assumed distribution to the data. Non-

parametric methods can perform well in many situations but its performance is at peak 

when the spread of data in each group is the same. Nonparametric analysis uses the rank 

test for two or more groups to compare the medians[9]. Here ranks for two groups are 

totalled separately and the total for the smallest group should fall within the critical chi-

squared lower and upper rank totals depending on the levels of significance. This is 

summarised in Table 4-9.  

In this research, only the parametric significance test procedures will be used. The 

procedure is used on portions of the S-N curve that are linear. The data sets are assumed to 

have a normal distribution and will generate S-N curves with near parallel or parallel 

characteristics. This ensures that comparisons are valid solely for stress level ranges 

pertinent to a given design or application. Having identified the types of analyses to be used 

in this research, it is important to explain the fundamental concept of statistical hypothesis 

testing in parametric tests, the null hypothesis, which is crucial when comparing two or 

more fatigue data sets. 

4.10.2 The t-test and null hypothesis meaning and application 

A t-test is an inferential statistic used to determine if there is a significant difference 

between two measured observables. It compares the values of the measured quantities from 

two data sets and determines if they came from the same population. This comparison helps 

to determine the effect of chance on the difference, and whether the difference is outside 

that chance’s range. T-tests are used when the data sets follow a normal distribution and 
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have unknown variances. The t-test value is calculated as the ration of the difference 

between the measured quantities to the variation that exists in the sample data sets as shown 

below [9,26,34,46]. 

   
t =

x1 − x2

√sx1
2 − sx2

2

 
(4-39) 

Having determined the type of analyses that will be used in this chapter, it is therefore 

essential to proceed to explain the fundamental concept in statistical hypothesis testing of 

Where x1 and x2 are any two observed quantities (such as mean, slope, etc.) with variances 

sx1
2 and sx2

2 respectively. Higher values of the t-score calculated using equation (4-39) 

indicate that a large difference exists between the two sample data sets.  

The smaller the t-value, the more similarity exists between the two sample sets. The value 

of the calculated test statistic is compared with a critical value tβ obtained from the critical 

value table known as the t-distribution table. This value is depended on the level of 

significance β, and the degrees of freedom f.  

The t-distribution table can be formatted for either one-tail or two-tail analyses. One-tail 

values are employed to assess changes in data sets with a fixed direction of change, whereas 

two-tail values represent variations in more than one direction, encompassing both 

increases and decreases. In the analysis conducted in this research, the two-tail distribution 

table will be used, allowing for the monitoring of both positive and negative effects on the 

measured observables.  

Comparing the t-statistic value from equation (4-39) with the critical value tβ obtained 

from a two-tail t-distribution table, the null hypothesis is used to conclude as follows. 

For: 

t ≤ tβ, Null hypothesis accepted (no statistical significance from the two 

observables) 

t > tβ, Alternate hypothesis or null hypothesis rejected. 

What follows is a description of how parametric analysis is used in conjunction with the 

null hypothesis to establish statistical significance between fatigue data sets. 
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Table 4-9 Summary of the differences between parametric and non-parametric analyses. 

[67] 

Differences between parametric and non-parametric analyses 

Comparison 

basis 

Parametric Non-parametric 

Definition Makes assumptions about fixed 

parameters (defining properties) of 

population distribution from which 

sample is drawn 

No knowledge or limited 

information known. 

Assumptions  Normal distribution 

Homogeneity 

Linearity 

Independence 

No assumptions considered. 

Distribution is non-normal or 

arbitrary 

Applications  Compares means of sample with 

population means 

Compares medians of data sets 

when 

• Sample is not normally 

distributed. 

• Sample size is small 

• the variables are measured 

on nominal or ordinal scale 

Test involved • t-test (either a single 

sample t-test, independent 

sample t-test or 2 sample t-

test, paired sample t-test) 

• z-test (for sample set > 30) 

• F-test (used with 

variances) 

• uses the rank test for two or 

more groups to compare 

the medians 

Sample set fewer data required, small sample 

set 

Large sample set 

Peak 

performance  

Data sets with different spreads Homogenous spread  

Parameters used 

in this study 

Variance 

Inverse slope 

Intercept (C0) 

Not applicable 
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4.10.3 Statistical test on sample fatigue life data sets (𝐍𝐟,𝐢) generated at the same 

stress level 

Parametric analysis can be used on fatigue life data sets to ascertain whether sample sets 

exhibit statistical significance compared to the parent population for the fatigue lives that 

are generated at the same stress level. To use this approach, the fatigue lives are assumed 

to follow a normal distribution at this stress level. In this case, the parameters to be tested 

for significance are the variance and the mean. The test on variance is otherwise known as 

the test for homogeneity of variance and is assessed and described as below. 

4.10.4 Statistical test on homogeneity of variances of two fatigue life data sets. 

Consider two normally distributed fatigue datasets at the same stress level with variances 

s1
2 and s2

2 with corresponding sample sets n1 and n2, respectively. The test statistic Fcal, 

for the homogeneity of the fatigue data sets is calculated as [8,9,24,35,46]; 

Fcal =
s1

2

s2
2
 (4-40) 

In order to ascertain the presence of a significant difference at a designated level of 

significance (β), the critical value of the Fp distribution associated with n1 − 1 degrees of 

freedom for s1 and n2 − 1 degrees of freedom for s2, derived from statistical tables found 

in Refs. [8,13,26,34] is compared with the F-distribution value Fcal, calculated  using 

equation (4-40). Should Fcal ≤ Fp the sample variances are deemed not significantly 

different (homogeneous) in accordance with the null hypothesis. Conversely, if Fcal > Fp, 

the two datasets are considered significant. 

4.10.5 Statistical test on two means when the standard deviations are not 

significantly different. 

Suppose two homogenous fatigue life data sets belong to the same population; in this 

scenario, the common estimate of the population variance  se
2, is calculated as follows 

[46,76]: 

se
2 =

(n1 − 1)s1
2 + (n2 − 1)s2

2

n1 + n2 − 2
 (4-41) 

in which n1 and n2 represent the sample sizes of the two fatigue life datasets, and s1 and s2 

are their respective standard deviations. The test statistic for comparing their means tµ, is 

calculated as [9,46]: 
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tµ =
logNf1
̅̅ ̅̅ ̅̅ ̅̅ − logNf2

̅̅ ̅̅ ̅̅ ̅̅

s√
1

n1
+

1
n2

 
(4-42) 

where  logNf1
̅̅ ̅̅ ̅̅ ̅̅ ̅ and logNf2

̅̅ ̅̅ ̅̅ ̅̅  represent the mean values of the logarithm of fatigue life for the 

two fatigue life sample sets. Given a predetermined significance level β, the corresponding 

critical value tβ associated with degrees of freedom f = n1 + n2 − 2 is obtained from 

statistical tables as in Refs. [13,35,43,55]. If /tµ/> tβ, it can be concluded that the 

populations from which the sample datasets are derived are distinct; otherwise, there is no 

statistically significant difference in the means of the sample sets.  

4.10.6 Statistical test on two means when the standard deviations are significantly 

different. 

If the sample standard deviations can be verified to be significantly different, then the 

hypothesis that the populations means are significant or not can be tested by calculating a 

test statistic t′μ as [9,34]: 

t′µ =
logNf1
̅̅ ̅̅ ̅̅ ̅̅ − logNf2

̅̅ ̅̅ ̅̅ ̅̅

√
s1

2

n1
+

s2
2

n2

 
(4-43) 

Similarly, for a predefined significance level β, the associated characteristic value tβ is 

determined based on a defined value of the degree of freedom defined as:  

f = [
c2

n1 − 1
+

(1 − c)2

n2 − 1
]

−1

 (4-44) 

where c is a dimensionless quantity defined as [9]: 

c =

s1
2

n1

s1
2

n1
+

s2
2

n2

 (4-45) 

If the value for the calculated degree of freedom f is not an integer, then its value is 

approximated to the nearest smaller integer. The value of f is then used to extract the 

associated characteristic value tβ based on the predefined level of significance. In the same 

way, if /t′µ/< tβ, then there is no significance in the means of fatigue lives of the two data 

sets and for /t′µ/> tβ, the means are judged to be different.
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The analysis outlined above is carried out on fatigue life datasets under the assumption that 

they have been collected at uniform stress levels and follow a normal distribution. When 

dealing with datasets acquired from a variety of stress levels, the parametric analysis is 

extended by considering the parameters within the mean curves generated from these 

datasets, as elaborated below. 

4.11 Parametric Statistical analysis on fatigue data sets (𝛔𝐢, 𝐍𝐟,𝐢) 

To statistically compare the significance of two fatigue data sets, particularly the mean S-

N curves using the null hypothesis, three steps are employed [24,46]. The initial step entails 

testing whether the standard deviations around the distinct lines can be assumed to be drawn 

from the same population, thus demonstrating homogeneity. Secondly, the examination 

involves assessing whether the two mean curves can be viewed as parallel. Lastly, the 

investigation centres on determining if the two parallel regression lines can be considered 

collinear, meaning they lie on the same line [43]. 

4.11.1 Test that the variance of the data set is homogenous 

Homogeneity of variance is used to describe a data set that has the same variance as another 

[26,34]. This equivalence can be visually identified through consistent scatter on a scatter 

plot or by observing equivalent standard deviations in the derived parameters summarized 

in Table 4-10 [46,77]. If, upon inspection, the data exhibits heteroscedasticity, a statistical 

hypothesis test is carried out by constructing a test for the homogeneity of variances 

between the fatigue data sets.  

Consider for example the data summarized in Table 4-10, with two data sets 1&2 having 

sample sizes n1 and n2 respectively, with corresponding degrees of freedom (n1 − 2), 

and (n2 − 2). 

Table 4-10; Summary of regression quantities associated with two sample data sets 

𝑖 n Mean 
Log 
stress 

Mean life Corrected sum 
of squares 

Corrected sum 
of squares 

Corrected sum of 
cross products 

Slope Common 
error 
stand.Dev 

Stand. 
dev. 

1 n1 X̅1 Y̅1 ∑(X1 − X̅1)2 ∑(Y1 − Y̅1)2 ∑(X1 − X̅1)(Y1 − Y̅1) C1,1 sy1.x1 s1 

2 n2 X̅2 Y̅2 ∑(X2 − X̅2)2 ∑(Y2 − Y̅2)2 ∑(X2 − X̅2)(Y2 − Y̅2) C1,2 sy2,x2 s2 
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Additionally, assume that s1
2 and s2

2 represent the variances of the respective data sets 1 

and 2, with  s1 > s2. The test statistic Fcal is calculated according to equation (4-40) 

[9,13,34,46]. By referring to standard F-distribution tables, the critical value entry (Fcrit) 

corresponding to the degrees of freedom  f1 = (n1 − 2) and f2 = (n2 − 2) is extracted and 

subsequently compared with the calculated value. 

If it turns out that Fcal ≤ Fcrit, it can be concluded that both variance estimates are 

homogeneous and can be considered as independent estimators of the population. 

Consequently, the null hypothesis is validated, signifying that the variances of the two mean 

curves are not significant. In this situation, the variance estimate se
2 defining both data sets 

is defined as: 

se
2 =

(n1 − 1)s1
2 + (n2 − 1)s2

2

(n1 − 2) + (n2 − 2)
 (4-46) 

To summarize, the two sample variances are considered significant if the equation below 

is validated.  

sn
2

sd
2

− Fcrit(1 − β, fn, fd) < 0 (4-47) 

In this equation, sn
2 and sd

2 represent the variances of the numerator and denominator of 

equation (4-40) respectively. Additionally, fn and fd correspond to the degrees of freedom 

of the numerator and the denominator, respectively. And Fcrit(1 − β, fn, fd) denotes the 

critical value obtained from entries corresponding to the significance level β, and the 

respective degrees of freedom. 

4.11.2 Test that the lines are parallel 

From Table 4-10, let C1,1 and C1,2 represent the slopes of two data sets 1 & 2 respectively. 

The t-test statistic for the significance of the slopes tC1
 is calculated as [34,46]:  

tC1
=

|C1,1 − C1,2|

√(
1

∑ (logσi,1 − logσi,1
̅̅ ̅̅ ̅̅ ̅̅ )

2n1
i=1

+
1

∑ (logσi,2 − logσi,2
̅̅ ̅̅ ̅̅ ̅̅ )

2n2
i=1

) se

 
(4-48) 

This value of tC1
 is compared with the student’s distribution value tβ obtained from 

statistical tables aligning with degrees of freedom f1  + f2 = (n1 − 2) + (n2 − 2) and the 

chosen significance level. Should the value of tC1
 be lower than this critical value, the 
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slopes are deemed not statistically significant. Conversely, if tC1
 is more than the critical 

value, there is no bases to accept the null hypothesis.  

In the case of statistical insignificance, the mean curves are considered to be parallel. 

Hence, a common estimate for the slopes C1 is determined. This estimation takes the form 

of the weighted average of both slopes C1,1 and C1,2 it can be calculated as [46]: 

C1 =
∑ (logσi,1 − logσi,1

̅̅ ̅̅ ̅̅ ̅̅ )
2n1

i=1 × C1,1 + ∑ (logσi,2 − logσi,2
̅̅ ̅̅ ̅̅ ̅̅ )

2n2
i=1 × C1,2

∑ (logσi,1 − logσi,1
̅̅ ̅̅ ̅̅ ̅̅ )

2n1
i=1 + ∑ (logσi,2 − logσi,2

̅̅ ̅̅ ̅̅ ̅̅ )
2n2

i=1

 (4-49) 

The resulting estimate of the variance of C1 denoted as sC1
2 is such that the combined 

estimate of both variances and the error in the estimation of C1 has one degree of freedom 

is calculated as:  

sC1
2 =

(C1,1 − C1,2)
2

1

∑ (logσi,1 − logσi,1
̅̅ ̅̅ ̅̅ ̅̅ )

2n1
i=1

+
1

∑ (logσi,2 − logσi,2
̅̅ ̅̅ ̅̅ ̅̅ )

2n2
i=1

 
(4-50) 

However, sC1
2 is always small [46] when the two lines are considered parallel. 

Alternatively, the estimated common variance se
2 is defined as in equation (4-46) and 

according to the null hypothesis, the individual slopes are significant if tC1
> tβ in equation 

(4-48). 

4.11.3 Test that the parallel lines are collinear 

The two mean curves from the fatigue data sets are collinear if both have similar intercept 

and slope. Suppose the expected values for both curves are defined as μNf,1/σ1
= C0 +

C1logσ1 and μNf,2/σ2
= C0 + C1logσ2 for any stress level σ, with both intercept and slope 

constant. Then at the mean point, there is a random variable δ defined as: 

(logN1,i
̅̅ ̅̅ ̅̅ ̅̅ ̅ − logN2,i

̅̅ ̅̅ ̅̅ ̅̅ ̅ ) − C1(logσ1,i
̅̅ ̅̅ ̅̅ ̅̅ − logσ2,i

̅̅ ̅̅ ̅̅ ̅̅  ) = δ (4-51) 

δ is normally distributed with mean equal to zero and variance Var(δ) defined by [24,26]. 

Var(δ) = s2 [
1

n1
+

1

n2
+

(logσ1,i
̅̅ ̅̅ ̅̅ ̅̅ − logσ2,i

̅̅ ̅̅ ̅̅ ̅̅  )
2

∑ (logσi,1 − logσi,1
̅̅ ̅̅ ̅̅ ̅̅ )

2n1
i=1 + ∑ (logσi,2 − logσi,2

̅̅ ̅̅ ̅̅ ̅̅ )
2n2

i=1

] (4-52) 
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Then a test statistic t(δ) for the random variable δ can be calculated as shown in equation 

(4-53) where se is the new pooled estimate of the combined variance corresponding to 

[(n1 − 2) + (n2 − 2) + 1] degrees of freedom. 

t(δ) =
|(logN1,i

̅̅ ̅̅ ̅̅ ̅̅ ̅ − logN2,i
̅̅ ̅̅ ̅̅ ̅̅ ̅) − C1(logσ1,i

̅̅ ̅̅ ̅̅ ̅̅ − logσ2,i
̅̅ ̅̅ ̅̅ ̅̅  )|

√[
1
n1

+
1

n2
+

(logσ1,i
̅̅ ̅̅ ̅̅ ̅̅ − logσ2,i

̅̅ ̅̅ ̅̅ ̅̅  )
2

∑ (logσi,1 − logσi,1
̅̅ ̅̅ ̅̅ ̅̅ )

2n1
i=1 + ∑ (logσi,2 − logσi,2

̅̅ ̅̅ ̅̅ ̅̅ )
2n2

i=1

] se

 
(4-53) 

Hence, the two mean curves are considered not to be collinear if the test statistic t(δ) is 

significant. i.e.  /t(δ)/> tβ where tβis the characteristic value associated with the 

predefined significance level and degrees of freedom. If /t(δ)/≤ tβ, then the null 

hypothesis confirms that the two curves are collinear [46].  

In conclusion, when considering the null hypothesis, two mean curves from two fatigue 

data sets are considered insignificant if the variances, gradients, and intercepts are found to 

be statistically insignificant. If there is no substantial evidence to support the acceptance of 

significance for any of these parameters, then, in accordance with the criteria of the null 

hypothesis, there is no foundation to assert that the data sets are insignificant. 

4.11.4 Composite hypotheses and its significance level 

It is important to highlight that in composite hypothesis testing, the null hypothesis is 

evaluated separately for each parameter of variance, intercept, and slope, all at a specified 

significance level. The cumulative level of significance is obtained by summing all the 

individual significance levels when each parameter is tested as illustrated in the flow chart 

in Figure 4-16. This can potentially lead to a high chance of rejecting these hypotheses even 

if all three parameters are accurate. As a result, it is advisable to employ a lower 

significance level for each individual parameter test when conducting composite hypothesis 

testing [9,26,46]. For instance, a significance level of 1.7% could be used, resulting in an 

approximate combined level of significance of about 5%. Under a similar condition, when 

testing for the consistency in sample variance and means, a significance level of 2.5% 

would be appropriate. This approach helps reduce the increased risk of erroneous rejections 

associated with composite hypothesis testing. In general, the significance level for each 

tested parameter is calculated by dividing the significance level for the null hypothesis by 

the total number of parameters being evaluated [8,9,34]. 
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The composite hypothesis is deemed acceptable only when all the test statistics pertaining 

to the parameters of variance, intercept, and slope are insignificant. If any of these 

parameters lacks sufficient evidence to support the acceptance of the null hypothesis, it 

follows that there is no valid ground to accept the significance of two S-N curves from the 

data sets.  

 

Figure 4-16 The flow chart illustrating how to test the statistical significance of two S-N 

curves [67] 

 

4.12 Validation of parametric fatigue data analysis using notched fatigue data sets 

The notched fatigue data sets were produced using the protocols described in Chapter 5. In 

the analysis of the fatigue results, only the gross stresses were taken into consideration. The 

gross stress is the nominal stress experienced by the specimen, assuming it is smooth and 

free of any geometric discontinuities that could affect the stress distribution. By using gross 

stresses, all specimens are therefore assumed to have the same geometry and it is hoped 

that only the statistical approach is able to identify the difference in notch geometry by 

analysing the experimental results. By so doing, this approach focused only on utilizing 

statistical methods to determine whether the discrepancies in the generated fatigue data sets 

were statistically significant, based on a predetermined threshold. Before delving into the 

details of this statistical analysis procedure, it is essential to provide a brief overview of the 

types of analyses that can be applied to these data sets.  



4.12 Validation of parametric fatigue data analysis using notched data    

169 
 

4.12.1 Application of parametric test analysis on mean curves from notched 

specimens 

For any two data sets considered for each of the material, only the scatter bands and data 

points will be represented on each graph to visualize the significance in these data. The 

goal is to establish confidence in the execution of this procedure and validate its 

applicability. As mentioned in the introduction, upon validation, this approach will be used 

to evaluate the statistical significance of datasets exclusively derived from plain specimens 

charged with hydrogen compared with data sets from specimens that did not undergo any 

hydrogen charging.  

To achieve this, the approaches were used by considering the gross stress amplitudes with 

the corresponding fatigue life. The use of gross stress amplitudes served to hide the 

presence and influence of notch geometry in the data sets compared. The primary goal was 

to investigate whether these statistical approaches can effectively identify the presence of 

different notch geometry in the datasets. Table 4-11 summarises the fatigue properties of 

the materials steel, brass and cast iron, which were used to generate the data sets required 

for this statistical analysis in this chapter. The fatigue and fracture properties were 

generated using the post-processing techniques suggested by the ASTM, LRM and the IIW, 

described in this research. 

As gathered from the literature, alterations in the scatter of fatigue data sets usually indicate 

shifts in material variability, surface finishes, notch sensitivity, environmental factors, or 

testing conditions [5,9,42]. Examining Table 4-11 reveals minimal change in the data 

scatter from the steel specimens, with a variance of approximately 0.2. This implies reduced 

variability in the steel material properties, geometry, and test conditions. However, a visible 

decrease in the estimated endurance limits after 2 million cycles suggests an underlying 

characteristic contributing to this change. Likewise, there is a noticeable shift in the scatter 

of fatigue data generated from brass specimens, revealing a reduction in their endurance 

limits. Conversely, cast iron specimens display an increase in data scatter, indicating a rise 

in conditions influencing this change. By analysing the data in this table, it is conceivable 

that certain factors impact the fatigue properties of these materials used in this research. 

The next step involves the application of parametric test analysis on these data sets to 

determine the statistical significance of the observed variations, thereby illustrating the use 

of statistical approaches to set apart data sets. 
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Table 4-11 Summary of fatigue properties at a probability of 95%, of notch specimens 

under uniaxial loading in tension at a frequency of 10Hz 

 

Specimen 

type 

Fatigue test results 

Sample 

set, n 

R Inverse 

slope, 

k 

Variance 

s2 

σ0 

[MPa] 

σ0,95% 

[MPa] 

σ0,5% 

[MPa] τσ 

S_1mm 10 0.1 9.35 0.024 119.10 108.56 130.66 1.20 

S_2mm 10 0.1 8.38 0.023 96.06 86.86 106.21 1.22 

S_3mm 10 0.1 8.10 0.015 79.87 73.32 87.01 1.19 

Br_1mm 10 0.1 8.56 0.012 72.58 67.56 77.98 1.15 

Br_2mm 10 0.1 7.00 0.011 56.33 51.72 61.36 1.19 

Br_3mm 10 0.1 6.14 0.015 46.75 41.91 52.15 1.24 

CI_1mm 10 0.1 11.06 0.257 33.04 25.60 42.66 1.67 

CI_2mm 10 0.1 13.00 0.071 27.76 24.68 31.23 1.27 

CI_3mm 10 0.1 10.69 0.031 21.07 19.23 23.08 1.20 
 

 

4.12.1.1 Parametric analyses of data sets generated from steel specimens. 

The raw data from steel specimens have been reported in the experiments and raw data 

chapter. Considering steel specimens with 1mm notches, the specimens that survived the 

fatigue test at the tested stress level, such as specimen S_1mm_1 and S_2mm_8, ware 

retested at a higher stress amplitude of 2.43.83MPa and 243.24MPa respectively. Similarly, 

for steel specimens with a 2mm diameter notches, specimens S_2mm_3, S_2mm_9 and 

S_2mm_10 survived the tests and were retested at stress amplitudes of 182.72MPa, 

183.01MPa and 175.53MPa respectively. And the results from testing 3mm diameter 

notched steel specimens, only specimen S_3mm_6 survived the test and was retested at a 

stress amplitude of 154.65MPa. For some sample failed specimens and fracture surfaces, 

see chapter on experiments and raw data. 

At a confidence level of 95% and significance level of 5%, the S-N curves and scatter 

bands, for steel are summarised in Figure 4-17. The curves have been determined using the 

post-processing techniques described in this research. These curves also show the 

endurance limits estimated after 2 × 106cycles and values of their inverse slopes. 

Building upon the statistical test analysis explained, the analyses summarised in Table 4-12, 

is generated using the fatigue data sets for steel by considering the gross stress amplitude. 

From this table and considering S_1mm and S_2mm data sets, their variances show that 

they were drawn from the same population as well as their inverse slopes. However, the 

mean curves representing these data sets do not lie on the same plane and are not collinear. 
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Thus, both data sets cannot be represented by the same line with a 95% confidence level. 

It is then concluded that these data sets are statistically significant.  

Similarly, S_1mm and S_3mm data sets are statistically insignificant in variance and 

inverse slope, yet they are not collinear and thus these two data sets are also statistically 

significant. S_2mm and S_3mm follow the same pattern as the previous data sets and are 

statistically significant.  

In summary, these data sets show that the curves representing the data sets are not collinear, 

and hence do not lie on the same plane. These data sets are statistically significant (are 

different) and does not come from the same population. Because these fatigue data sets 

were generated by testing specimens with different notch radii, (1mm, 2mm and 3mm 

circular notches), it can be concluded that the t-test statistical analyses are capable of 

detecting a change in the geometry of these notches for steel specimens. 

Table 4-12 Summary of statistical analysis using the null hypothesis for the fatigue data 

sets generated by testing steel specimens with 1mm, 2mm and 3mm notches 

Source of data sets 

compared 

Variance test 

(𝛃 = 𝟏. 𝟕%) 

Slope test 

(𝛃 = 𝟏. 𝟕%) 

Intercept test 

(𝛃 = 𝟏. 𝟕%) 

Conclusion 

(∑ 𝛃 ≅ 𝟓%) 

S_1mm and S_2mm -4.01 -1.47 0.48 Significant  

S_1mm and S_3mm -3.50 -0.88 1.09 Significant 

S_2mm and S_3mm -3.58 -1.87 0.41 Significant 
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a) 

 

b) 

 

c) 

 

Figure 4-17 a) Scatter bands at 95% level of confidence and 5% level of significance for: a) 

S_1mm and S_2mm curves, b) S_1mm and S_3mm curves and c) S_2mm and S_3mm 

curves [67]. 

4.12.1.2 Parametric analyses on data sets generated by testing brass specimens. 

The data sets produce from brass specimens are reported in the experiment and raw data 

chapter, as well as some selected failed specimens from the three different lots. For any 

two data sets, the scatter bands of the mean curves at a confidence level of 95% and 95% 

probability of survival representing the data sets, using gross stresses, are summarized in 

Figure 4-18. There were no runouts in the stress levels for brass. 

The test statistic values generated by comparing these graphs for statistical significance are 

summarized in Table 4-13. Similar to the case of steel, the data sets in this table are found 

to be statistically significant because each of the pair of data are not collinear. This is shown 

by the positive characteristic test values, which show that the difference in the intercepts of 

each of the curves is far greater than the characteristic value at the chosen probability.  

Hence, statistical test analysis is capable of detecting changes in geometry from brass 

fatigue data sets as seen in this example. 
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a) 

 

b) 

 

c) 

 

Figure 4-18  Scatter bands at 95% level of confidence and 5% level of significance for: 

a) B_1mm and B_2mm curves, b) B_1mm and B_3mm curves and c) B_2mm and 

B_3mm curves [67]. 

Table 4-13 Summary of statistical analysis using the null hypothesis for the fatigue data 

sets generated by testing brass specimens with 1mm, 2mm and 3mm notches 

Source of data sets 

compared 

Variance test 

(𝛃 = 𝟏. 𝟕%) 

Slope test 

(𝛃 = 𝟏. 𝟕%) 

Intercept test 

(𝛃 = 𝟏. 𝟕%) 

Conclusion 

(∑ 𝛃 ≅ 𝟓%) 

B_1mm and B_2mm -4.01 -0.77 0.52 Significant 

B_1mm and B_3mm -3.86 -0.03 0.90 Significant  

B_2mm and B_3mm -3.80 -1.69 0.23 Significant  
 

 

4.12.1.3 Parametric analyses from data sets generated by testing cast iron 

specimens. 

The data sets produced from cast iron specimens are reported in the experiment and raw 

data chapter, as well as some selected failed specimens. The scatter bands for any two data 

sets for cast iron are presented in Figure 4-19 at a confidence level of 95% and 95% 
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probability of survival using gross stresses. Similarly, the results of the statistical test 

analyses for significance are also summarised in Table 4-14.  

 

a) 

 

b) 

 

c) 

 

Figure 4-19 Scatter bands at 95% level of confidence and 5% level of significance for: 

a) CI_1mm and CI_2mm curves, b) CI_1mm and CI_3mm curves and c) CI_2mm and 

CI_3mm curves [67]. 

Table 4-14 Summary of statistical analysis using the null hypothesis for the fatigue data 

sets generated by testing cast iron specimens with 1mm, 2mm and 3mm notches 

Source of data 

sets compared 

Variance test 

(𝛃 = 𝟏. 𝟕%) 

Slope test 

(𝛃 = 𝟏. 𝟕%) 

Intercept test 

(𝛃 = 𝟏. 𝟕%) 

Conclusion 

(∑ 𝛃 ≅ 𝟓%) 

CI_1mm and 

CI_2mm 

-2.04 -6.75 0.68 Significant 

CI_1mm and 

CI_3mm 

3.30 -7.36 1.36 Significant  

CI_2mm and 

CI_3mm 

-2.87 -0.86 0.69 Significant  

 

As observed from the test statistic values for cast iron in Table 4-14, the data obtained by 

testing the various batches of cast iron specimens are all statistically significant. For the 

data sets from cast iron specimens with 1mm and 2mm notches, and using gross stresses, 
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the spread in these data sets suggests that they are drawn from the same population. The 

inverse slopes of these sets are not statistically significant. However, the mean curves 

representing these datasets are not collinear, indicating statistical significance.  

Also considering data sets from specimens with 1mm and 3mm notches, the spread in these 

datasets shows that they do not belong to the same population, even though the inverse 

slopes from these datasets are not statistically significant. In addition, the mean curves 

representing the data sets are not collinear. Therefore, it is reasonable to conclude that these 

datasets are indeed significant. 

Similar to the data sets from specimens with 2mm and 3mm notches are also statistically 

significant because the mean curves representing both sets are not collinear. 

Thus, it has been possible to show that, by using gross stresses and statistical approaches, 

the data sets from the different batches of cast iron are all significant. This approach has 

been able to verify that notches with varied geometry will have an impact on the fatigue 

property of cast iron even when some types of cast iron show less responsivity to small 

notch radii [78]. 

4.12.2 Application of parametric test analysis for data sets that are statistically 

insignificant 

The question of how the parametric analyses work for data sets that are statistically 

insignificant remains to be visualised. The section above has been able to show that the 

data sets generated by testing notched specimens of different geometry are statistically 

significant. It is also important to illustrate how this approach will work for data sets that 

are statistically insignificant. To achieve this, data from the literature was used, particularly 

the data in Ref. [57], in which the data sets were generated by testing plain specimens with 

two types of surface finishes; a smooth-polished surface finish and a hot-forged surface 

finish with different levels of hardness, used to evaluate and quantify forged surface finish 

effect at several hardness levels. It should be noted that this project is only interested in 

using the data sets produced in this reference rather than reviewing the research reported 

therein.  
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Table 4-15 Fatigue data from fig 10a of Ref. [57] 

As-forged cantilever As-forged bending 

𝜎 (MPa) N(cycles) 𝜎 (MPa) N(cycles) 

892 5951 546 43586 

607 23826 398 94495 

596 39661 396 110938 

551 43176 273 698654 

396 144489 274 820228 

396 195427 227 851781 

324 328393 227 981303 

324 367768   

274 753441   

248 623852   

249 760585   

229 1327244   
 

 

The data set considered in this case is the data shown in Fig 10a of this reference for as-

forged in bending and as-forged in cantilever testing. This data is summarised in Table 

4-15, while the overlapping scatter bands from the S-N curves plotted at a confidence level 

of 95% with a probability of survival of 95%, derived from this data set is as shown in 

Figure 4-20.   

 

Figure 4-20 Scatter band at 95% level of confidence and 5% level of significance for a 

significant data set of as-forged (cantilever) and as-forged (bending) in Ref. [57] 
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The analysis for this pair of data is summarised in Table 4-16 and it clearly shows that the 

difference in the data set is statistically insignificant at a level of 5%. These two data sets 

can be seen as drawn from the same population, despite the difference in the endurance 

limits extrapolated after 2 million cycles. In this example, the endurance limits differ by 

about 3%. Because the data sets are insignificant, it can be concluded that there is a 

difference in the fatigue behaviours for forged surface finish in rotating bending and 

cantilever bending. 

Table 4-16 Summary of parametric statistical analysis of fatigue data set from Ref.[57] 

Source of data sets 

compared 

Variance test 

(𝜷 = 𝟏. 𝟕%) 

Slope test 

(𝜷 = 𝟏. 𝟕%) 

Intercept test 

(𝜷 = 𝟏. 𝟕%) 

Conclusion 

(∑ 𝜷 ≅ 𝟓%) 

Forged bending-

cantilever 

-5.66 -0.89 -0.07 Insignificant 

 

The analysis was conducted by examining the mean curves derived from the compared data 

sets. If the stress levels, considered in generating fatigue data during testing, are statistically 

insignificant, their mean stress levels should also be statistically insignificant. Ref. [34] 

recommends performing a check for statistical significance only for stress levels around 

the mean stress levels during testing. In this scenario, the variance and slope test statistics 

are calculated using equations (4-47) and (4-48) respectively, while the equation for 

checking collinearity is defined as follows [9,24,46]: 

t(δ) =
|C0,1 − C0,2|

√[
1
n1

+
1

n2
+

(logσ1,i
̅̅ ̅̅ ̅̅ ̅̅  )

2

∑ (logσi,1 − logσi,1
̅̅ ̅̅ ̅̅ ̅̅ )

2n1
i=1 +

+
(logσ2,i

̅̅ ̅̅ ̅̅ ̅̅  )
2

∑ (logσi,2 − logσi,2
̅̅ ̅̅ ̅̅ ̅̅ )

2n2
i=1

] se

 
(4-54) 

In which C0,1 and C0,2are the estimated intercepts of the regression lines through the two 

data sets, se the estimate of the common variance of the two data sets defined by equation 

(4-46). By applying this to the experimental data, Table 4-17 summarises the significant 

conclusions arrived at. The results in this table show that by restricting the stress range to 

a narrow region around the mean stress for the statistical significance tests, only changes 

of approximately 36% in the endurance limit are necessary to indicate a potential statistical 

significance within the fatigue data sets. Therefore, restricting the statistical significance 

analysis to only sections of fatigue data sets will result in different conclusions about 
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significance and may not accurately represent the fatigue properties revealed by the entire 

data set. 

Table 4-17 Summary of statistical analysis for the fatigue data sets generated by testing 

all specimens around their mean stresses 

Source of data sets 

compared 

Variance test 

(𝛃 = 𝟏. 𝟕%) 

Slope test 

(𝛃 = 𝟏. 𝟕%) 

Intercept test 

(𝛃 = 𝟏. 𝟕%) 

Conclusion 

(∑ 𝛃 ≅ 𝟓%) 

S
te

el
 

S_1mm and 

S_2mm 

-4.00 -1.47 -2.55 Insignificant  

S_1mm and 

S_3mm 

-3.50 -0.88 -0.56 Insignificant 

S_2mm and 

S_3mm 

-3.58 -1.87 -3.35 Insignificant 

 

B
ra

ss
  

B_1mm and 

B_2mm 

-4.01 -0.77 -0.82 Insignificant 

B_1mm and 

B_3mm 

-3.87 -0.03 1.09 Significant  

B_2mm and 

B_3mm 

-3.80 -1.69 -2.69 Insignificant  

 

C
as

t 
Ir

o
n

 

CI_1mm and 

CI_2mm 

-2.04 -6.75 -12.40 Insignificant 

CI_1mm and 

CI_3mm 

3.30 -7.36 -9.97 Significant  

CI_2mm and 

CI_3mm 

-2.87 -0.86 -0.34 Insignificant  

 

 

By applying this approach to the statistically insignificant data from the literature, it should 

be noted that the test statistics calculated from the datasets are expected to be considerably 

smaller in this case. Specifically, the test-statistical value for the intercept decreases from -

0.07 to -2.29. 

4.13 Remark on statistical significance analyses and application to this research 

In this section, it has been confirmed that statistical tests can effectively compare various 

fatigue data sets by evaluating the statistical significance testing hypotheses using t-tests. 

The use of gross stresses permitted the assumption that the geometry of all specimens used 

to generate the test data were the same. The outcomes indicated that the fatigue datasets are 

statistically significant, indicating that they originate from specimens with distinct 

geometries. This was true because the data sets were derived from specimens with varying 

notch dimensions and root radii.  
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Thus, parametric analysis employs a well-established statistical method that provides 

robust conclusions based on the level of significance. This greatly helps in making 

informed decisions between fatigue data sets for design purposes. It offers an objective way 

to assess the significance of differences in fatigue properties, by reducing subjective biases 

in interpretation of results. It is data-driven, consistent and efficiently handles all the 

parameters that define the mean curve and further offers a more comprehensive assessment 

of the fatigue behaviour as opposed to visual assessments. When utilised accurately, 

parametric analysis helps minimize errors that might arise from misinterpreting data or 

drawing conclusions solely based on visual observations. 

Furthermore, this analysis has demonstrated a comprehensive approach that can be 

employed to determine the feasibility of merging fatigue datasets from various sources for 

enhanced reliability. This approach aims to minimize the time and cost associated with 

conducting fatigue experiments, as well as compare the impact of specific characteristics 

on the mechanical properties of a material. Some of these characteristics may include and 

not limited to, surface finish, environmental impacts, or curing conditions, Machining, etc. 

This is important because more data increases the level of reliability and fatigue 

experiments are costly and time-consuming. Using data sets from a variety of sources will 

reduce the cost of time and money. More so, in the case of fatigue data sets used in the very 

high cycle fatigue regime, where a substantial amount of data is needed to establish 

distributions at each stress level, this process becomes especially valuable.  

This concept will be used in this research to compare the fatigue behaviour of specimens 

pre-charged with hydrogen and specimens without any pre-charging of selected metals. 

Therefore, the design stress from these selected pipeline metal specimens that have been 

charged with hydrogen will be compared to specimens that have not been charged with 

hydrogen (existing pipeline network) can be conveniently established based on a desired 

level of significance.  

4.14 Chapter conclusion  

In conclusion, this chapter has provided a detailed description of post-processing 

approaches for fatigue data, aimed at illustrating how the fatigue data sets generated in this 

research will be used to determine the fatigue properties of ex-service pipeline metals. 

While the statistical significance test method proves adept at detecting very small changes 

in fatigue data sets, a challenge arises in determining the significance of such changes, 
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especially when monitoring the percentage change in the endurance limit. Nevertheless, 

this approach remains valuable, provided a well-defined level of significance is employed, 

allowing for a better understanding of the impact of hydrogen exposure on the metals' 

fatigue properties. 

Therefore, to determine the fatigue properties of materials, a fatigue data set is required. In 

the next chapter, a detailed description of the experimental procedures used to generate the 

fatigue data sets for this research will be provided, so that the methodology described in 

this chapter can be used to estimate the change in the fatigue properties. The experiments 

will aim to determine the corresponding fatigue life for each specimen under specific stress 

levels and defined loading conditions. The fatigue data sets will be generated under 

constant amplitude loading to assess the fatigue properties of various ex-service pipeline 

materials exposed to a hydrogen environment for varying durations. 
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5 Experimental Setup and Fatigue Data 

 

5.1 Introduction 

The previous chapter outlined some of the standardised approaches found in the literature 

that are used to post-process fatigue data sets, thereby setting the stage to justify the 

experimental quantities and procedures needed to measure them to generate fatigue data 

sets that will be used to determine the fatigue properties of pipeline materials in this 

research. In this chapter, a description of the experimental setups and protocols that were 

employed to produce the measure fatigue quantities are detailed, as well as the procedure 

used to generate the raw data from notched specimens that have been used to test and 

validate the procedure to statistically determine any significant changes in fatigue 

properties. Therefore, two distinct experiments (plain specimens and notched specimens) 

will be described in this chapter because they were conducted under identical load and 

environmental conditions and using the same fatigue machine. 

The first experiment entails the testing conditions and protocols for uncharged plain 

specimens and those exposed to a hydrogen environment. The second experiment describes 
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testing specimens with different notch geometries. The primary goal of the experiment with 

soaked specimens is to assess the impact of hydrogen exposure on the fatigue 

characteristics of materials. In contrast, the second experiment aims to generate data sets 

for testing and validating the statistical significance of fatigue curves. As mentioned earlier, 

this approach to test for significance will be useful to determine whether the exposure of 

the pipeline metals to a hydrogen environment had a significant effect on the fatigue 

properties when compared with data from uncharged specimens. 

Focusing on the experimental setup for the hydrogen-soaked specimens will provide a 

comprehensive account of the soaking process. It will also detail the protocols for 

transporting and storing the specimens before subjecting them to fatigue testing in the Civil 

and Structural Laboratory at the University of Sheffield. The chapter will then delve into 

the specified loading conditions and the criteria used to identify failure, and a summary of 

the results in tables, emerging from these experiments. 

It is important to note that the researcher intended to be involved in preparing the specimens 

at the Department of Materials at the University of Manchester. However, due to the 

national lockdown imposed as a result of Covid-19 and the ensuing protocols, this was not 

feasible because of limited accessibility to the laboratory. Nevertheless, in coordination 

with the team at the Manchester University department, they were able to prepare these 

specimens and send them to the researcher using specialist courier services. 

5.2 Experimental design for hydrogen-soaked specimens  

This section provides a comprehensive explanation of the materials selected for this 

investigation, including their respective characteristics. It also outlines the machinery and 

protocols employed to generate the fatigue data sets. 

5.2.1 Material specification 

The materials considered for this research were cast iron, brass, X52 pipeline steel and X52 

welded pipeline steel. These specimens underwent surface preparation within the 

laboratory facilities of The School of Natural Sciences, Department of Materials at the 

University of Manchester. The surfaces were manually ground to achieve a 600-grit finish 

[1–3], thus eliminating any pre-existing scale or contamination originating from the 

manufacturing process or reducing the impact of any surface stress concentrators from the 

surface of these specimens [4]. Characterization and analysis of microstructures were 

performed on polished cross-sections using optical microscopy and scanning electron 
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microscopy (SEM). Additionally, optical images at higher magnification and 3D laser 

surface profiles were obtained using a Keyence VK-X200 laser confocal microscope. 

The hardness test for X52 steel, cast iron and brass was conducted using a Buehler 

Micromet micro-hardness tester with an applied load of HV0.2 (2N) and a Struers Durascan 

80 tester with a load of HV0.5 (4.8N). Five indents were made with the Buehler tester, and 

an additional 10 measurements were taken using the Durascan. The indentation hold time 

for the test was 10 seconds [3,5,6]. 

5.2.1.1 Ex-service X52 carbon steel 

SEM images of the X52 steel microstructure were obtained after etching in 2-5% nital (a 

solution of nitric acid and methanol). The resulting images revealed a ferritic-pearlitic 

microstructure, with pearlite, interphase regions, and grain boundaries being highlighted 

by the nital etch [7]. The presence of a banded microstructure indicated process orientations 

linked to the manufacturing process of the pipeline material. The steel, extracted from an 

ex-service pipe provided by HSE, exhibited larger grains interspersed with regions of 

smaller grains, forming parallel bands. This suggests a steel microstructure produced 

through warm-forming processes, characterized by flattened ferrite grains and planar 

pearlite colonies [8]. 

 

a) 

 

b) 

Figure 5-1 a) Low magnification (500μm), b) high magnification (100μm), of an optical 

image of X52 microstructure [3] 

The hardness for X52 carbon steel was 184𝐻𝑉0.2, where 𝐻𝑉0.2 denotes the Vickers 

Hardness using an applied load of 2N [3,9].  



5.2 Experimental Design of Hydrogen-Soaked Specimens                            

190 
 

5.2.1.2 Ex-service X52 welded steel 

In the national transmission system, mostly high-pressure steel pipes are used consisting of 

over 5000 miles of pipeline [10,11]. These steel pipelines are welded to cover distribution 

within the network and are subjected to cyclic pressure loading, making them susceptible 

to a subcritical cracking mode known as hydrogen-accelerated fatigue crack growth over 

their time in use [12].  The focus on welded X52 steel in this research stems primarily from 

the widespread use of welded joints in the steel pipeline network in the distribution of 

natural gas in the UK. The weld specimens were obtained from pipeline welds ensuring 

that the gauge length of the specimen entirely contained the weld as illustrated in Figure 

5-2a, with a rectangular sample weld region highlighted in b) 

 

a) 

 

b) 

Figure 5-2 a) Schematic of specimen orientations relative to the pipe b) Natal etched 

rectangular sample images of the different regions of the welded carbon steel 

Vickers hardness tests were conducted using an applied load of 9.8 N (HV1). 

Measurements were taken along a straight line perpendicular to the weld, with the distance 

between each indentation set to 1 mm. No visible difference in hardness between the base 

and weld regions was observed, with a mean hardness value of 175 HV1, with one value 

for the hardness of a heat-affected zone (HAZ) reaching a maximum of approximately 200 

HV1[3]. SEM images of the ex-service X52 welded steel were generated after etching with 

2-5% nital and revealed a pearlitic and ferritic matrix microstructure. The higher 

magnification optical images revealed the X52 matrix microstructure with banded regions 

of pearlite and ferrite, a HAZ located between the weld and base metal, and the surrounding 

region as shown in Figure 5-3 below, with the distribution of ferrite and pearlite fairly 

uniform.  
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a) 

 
b) 

 
c) 

Figure 5-3 SEM images of the base region in a welded steel sample at different 

magnifications a) 100𝜇𝑚 b) 10𝜇𝑚 c) 2𝜇𝑚 [3] 

 
d) 

 
e) 

 
 

f) 

Figure 5-4 High-resolution images of HAZ d) 100𝜇𝑚 e) 10𝜇𝑚 f) 2𝜇𝑚 [3] 

Further analysis of the welded steel specimens reveals some inclusions of MnS. These 

inclusions typically impact hydrogen-induced cracking in the specimens, with size and 

shape being significant factors in the metal's susceptibility to hydrogen cracking. 

5.2.1.3 Ex-service cast iron  

Optical images of the cast iron microstructure were obtained after etching with 5% Nital. 

The microstructure, when unetched, revealed elongated and convoluted graphite flakes 

embedded in the matrix. The size and shape of these flakes indicated a grey cast iron type. 

Images of SEM microstructure revealed different compositions of a heterogenous matrix 

with constituents, including Fe, P, Mn, S, C, and Si, revealing regions with different phase 

compositions. These regions included ferrite, pearlite (Fe; Fe3C), graphite, and Steadite 

(phosphor-containing eutectic) as shown in Figure 5-5 below[3]. Additionally, small 

particles with high Mn and S content were present as bright discrete spots, indicating the 

presence of MnS. 
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Figure 5-5 Nital etched cast iron microstructure [3] with individual 

phases at high magnification 

The hardness of cast iron was 348𝐻𝑉0.2, using an applied load of 2N for the Vickers 

hardness [3,9]. 

5.2.1.4 Brass 

Optical images of the brass microstructure were obtained after etching with 5% Nital. The 

brass exhibited a two-phase α-/β-microstructure, indicating a more zinc-rich alloy 

composition. Energy dispersive X-ray (EDX) analysis was conducted to determine the 

chemical composition of all constituents, with five data points of each phase recorded and 

the mean composition calculated. The darker grains, rich in Cu (>58%) and Zn (>35.5%), 

indicated α-phase composition, while the lighter grains showed lower Cu content (>51%) 

and higher Zn content (42%), suggesting β-phase composition. Additionally, small 

amounts of Fe, Sn, and Pb were present in the microstructure. This shown in Figure 5-6 

below. 

 

a) 

 

b) 

Figure 5-6 Optical images of brass microstructure at a) Low magnification (500μm), b) 

high magnification (100μm) [3] 
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The hardness for brass was 111𝐻𝑉0.2, using an applied load of 2N for the Vickers hardness 

[3,9] 

5.2.2 Specimen geometry 

For constant amplitude axial fatigue tests, the design of the specimen should be such that 

failure occurs in the tested section [13]. The specimen geometry chosen was the dog-bone 

design [14,15] as illustrated in Figure 5-7 And with the use of a Vernier calliper, the 

dimensions consisted of a length of 65mm, a thickness of 2mm, and a width of 5mm. (If 

rectangular specimens were used instead, this would lead to stress concentrations around 

the grip area where failure would occur or any other weak link in the material. It would be 

challenging to establish a unifying failure criterion for all other specimens.) The thickness 

measurement was taken at different points along the length of each specimen and the results 

averaged out. The net width was measured three times in the middle of the gauge length of 

the specimen. By using this configuration, the stress involved in these tests was net stress, 

expected at the gauge length of the critical section of this specimen design. 

 

Figure 5-7 Hydrogen-soaked specimen dimension in mm 

5.2.3 Hydrogen charging Equipment and hydrogen charging procedure 

Because of the national lockdown imposed on the country at the time, the researcher could 

not travel to Manchester to prepare the specimens. The specimen preparation was done at 

the University of Manchester according to Ref. [1]. The equipment used to expose the 

specimens to a hydrogen environment consisted of flanged circular pressure tubes. These 

tubes were specifically designed to conduct exposure tests in a gaseous environment 

containing hydrogen at known pressure levels. Each pressure tube was constructed from 

type 316L stainless steel pipe, with a wall thickness of approximately 3.5mm and welded 

end flanges at both ends.  
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Figure 5-8 Tubes used for exposing specimens to a hydrogen environment, 

courtesy of the Department of Materials at the University of Manchester [1] 

 

These tubes measured 1000 mm in length with an internal diameter of 52 mm, resulting in 

a total volume of approximately 2.17 litres. The end flanges were subsequently sealed using 

bolted end plates. One of these end plates featured a single ¼” NPT threaded female 

penetration to facilitate a gas inlet, while the other end plate had two ¼” NPT threaded 

female penetrations to enable a gas outlet and a pressure sensor connector. These pressure 

tubes are shown in Figure 5-8. 

Each tube had an information label that showed details of its pressure rating and 

specifications. The test specimens were packed in bundles of 3 to 5 and secured with 

stainless steel bolts on both sides as shown in Figure 5-9a). Nuts were used as spacers 

between each sample to allow unrestricted exposure to hydrogen gas. The specimens were 

then placed inside the tube by a specimen holder specifically designed for retrieving 

samples from the pressure tubes easily using a copper wire as shown in Figure 5-9b). Once 

positioned inside the pressure tube, the end flange was then securely closed and sealed by 

tightening the bolts.  

This setup of specimens on their holders enabled the safe access and storage of samples in 

extremely cold liquid nitrogen, and it enabled easy access to specimens for further tests. If 

there were samples left, they could be put back into the cold nitrogen to help keep the 

hydrogen gas from getting out. 
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a) 

 

b) 

Figure 5-9 a) specimens mounted on a first-generation sample holder and b) 

specimens placed inside a hydrogen environment in a pressure tube [1] 

5.2.4 The charging process of the specimens in the hydrogen environment 

The hydrogen exposure procedure while specimens are placed in the pressure tube is 

outlined in the flowchart presented in Figure 5-10. To initiate the test, once the samples 

were positioned inside the tubes, the end flange was securely closed and sealed by 

tightening the bolts. The system was initially pressurized with nitrogen gas (using BOC 

Oxygen Free Nitrogen, product code UN1066) to approximately 8 bars, with the assistance 

of valves 1 and 3. The vessel and associated pipework underwent thorough leak checks, 

including pressure testing and gas tightness tests, typically conducted over a minimum 

duration of 24 hours. Subsequently, the system was depressurized using a vacuum pump 

connected through valve V6 to eliminate any remaining moisture or impurities. The 

hydrogen test gas (100% hydrogen, product code UN1049) was then introduced through 

valve V2, pressurizing the tube to approximately 8 or 10 bars, after which it was isolated 

using valves V3 and V4. This was the static exposure of these specimens to hydrogen and 

lasted a few hours. 

The specimens were exposed to hydrogen soaking for various durations ranging from three 

to five months. This duration was intended to allow reasonable amounts of hydrogen to be 

absorbed into the specimens. Specialized equipment, accessible only to the researcher from 

the University of Manchester, was used to monitor any alterations in the soaking conditions. 

It should be noted that the rate at which these specimens absorbed hydrogen was not studied 

due to lockdown protocols. However, this diffusion rate could be examined in future 
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research on this subject. At the end of the hydrogen exposure process, the hydrogen 

atmosphere within the tube was released by opening valve V4, followed by the flow of 

nitrogen gas through the tube for approximately 30 seconds to ensure the complete removal 

of hydrogen from the system. The transfer of samples from the hydrogen exposure 

environment to liquid nitrogen typically took between 5 and 10 minutes, starting from the 

moment the hydrogen gas exposure was halted. 

 

V-valve   

CV – check valve  

PT – pressure transducer 

PG – Pressure gauge 

PRV – Pressure relief valve 

Figure 5-10 Diagram illustrating the gas flow and pressure tube with operational 

specifics of gaseous hydrogen exposure[1] 

5.2.5 Estimating hydrogen diffusion and hydrogen concentration in the pipeline 

material 

The theoretical hydrogen concentration, as described in the previous chapter using Sievert’s 

law, depends on the hydrogen partial pressure and solubility, both of which are influenced 

by temperature and defined as [16,17]:  

   𝐶𝐻 = 𝑆√𝑃𝐻2
  (5-1) 

The diffusion of hydrogen through the investigated pipeline materials can be estimated 

using Fick’s law of diffusion [18,19].  The one-dimensional solution used to define a time-

dependent diffusion of hydrogen in metals is estimated as: 

   
𝜕𝐶

𝜕𝑡
= 𝐷

𝜕2𝐶

𝜕𝑥2
 (5-2) 

Where 𝐶 is the concentration of hydrogen, 𝑥 is a spatial coordinate, t is the charging time  

and D is the lattice diffusion coefficient defined by the Arrhenius equation [19]:  
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   𝐷 = 𝐷0𝑒(−𝐸
𝑅𝑇⁄ ) (5-3) 

in which 𝐸 is the activation energy (J/mol) and 𝑅 is the gas constant (8.314 J/molK), 𝐷0 is 

the pre-exponential factor and 𝑇 the temperature in Kelvin.  

By following the above schematization, the amount of hydrogen adsorbed and diffused 

through each specimen can be quantified as: 

   𝐶 = ∫ 𝐷
𝜕2𝐶

𝜕𝑥2

𝑡(𝑚𝑜𝑛𝑡ℎ𝑠)

0

𝜕𝑡 (5-4) 

 However, the focus of this research was not on modelling hydrogen adsorption in these 

metals, but rather on determining whether there is any change in the fatigue properties when 

specimens are exposed to such a hydrogen environment. The quantitative analysis will be 

the core of future work. Consequently, this analysis to estimate the amount of hydrogen 

diffused through each specimen was not included in the current research.  

5.2.6 Specimen retrieval and transportation for fatigue testing 

Following hydrogen exposure, the samples were taken out of the exposure tubes and placed 

in liquid nitrogen to preserve as much hydrogen as possible within them (by minimising 

the diffusion rate). These samples were then transferred from liquid nitrogen to a container 

with dry ice and transported in a foam box, using specialist courier services under a low-

temperature storage environment of about -78.5°C (194K). The samples were received at 

the Department of Civil and Structural Engineering at the University of Sheffield where 

they were stored in a freezer at similar low temperatures and used sequentially for fatigue 

testing.  

To minimize the duration during which the specimens were exposed to room temperature 

where hydrogen could potentially escape, two approaches were adopted. Firstly, the 

specimens were transferred from liquid nitrogen to a dry ice container at the preparation 

site before being transported by a specialized courier service capable of maintaining very 

low temperatures. This was to reduce any possibility of hydrogen escaping from the soaked 

specimens in transit from the University of Manchester to the testing site at the University 

of Sheffield. Secondly, to minimize the time each specimen spent outside of cryogenic 

conditions when loading onto the fatigue machine, a systematic approach was employed. 

The testing machine was set up first, and then the specimen was retrieved and loaded onto 

the machine for testing, reducing the time it was exposed to room temperature. This process 
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was carefully monitored and optimized to minimize the time spent at room temperature 

before the test.   

It should be noted that the rate at which hydrogen diffused into these specimens can be 

estimated using equation (5-1) to (5-3) which is time-dependent, however, this was beyond 

the scope of this research and will be assessed in future work. Allowing the specimens to 

remain in a high-pressured hydrogen environment for various durations of charging times 

enabled us to investigate only the fatigue properties with different amounts of hydrogen 

diffusion in these specimens. Storing at cryogenic conditions allowed testing of other 

specimens while preserving the hydrogen content in the remaining specimens. 

5.3 Fatigue machine used and test configuration 

The fatigue machine used to run the fatigue tests from these hydrogen-charged specimens 

was the Multipurpose Servo Hydraulic Testing machine, the LFV-L series in the structure’s 

lab at the University of Sheffield. This machine has a static load test capacity of up to 25 

KN, and a recommended fatigue testing capacity of 20 KN. According to the manufacturing 

notes, this series is well suited to perform static tension, compression, flexure, shear tests, 

LCF (low cycle fatigue), fatigue crack growth testing, fracture toughness testing, and 

further applications including the testing of biomechanical products and implants. Figure 

5-11 shows an overview of the multipurpose servohydraulic universal testing machine 

series LFV-25KN as used in this research.
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a) 

  

b) 

Figure 5-11 a) the system overview of the multipurpose servohydraulic universal testing 

machine series LFV-25KN b) the user interface on the easy mode setup. 

This fatigue machine uses the Type DION7 software, and for this investigation, the 

machine was used in the DION7 EASYMODE set-up. Test on this machine can either be 

load-controlled or displacement-controlled. 

5.3.1 Specimen retrieval, Loading specimen and test configuration 

To prepare for the fatigue test with the hydrogen-charged specimen, the loading setup 

(which will be explained shortly) was imputed using the machine interface in advance of 

retrieving the soaked specimens from the freezer. The cold-resistant gloves were used to 

extract each specimen from the freezer and rinsed them under running tap water to take the 

temperature up to a room temperature level and ensure safe handling during the loading 

onto the fatigue machine.  
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Running the specimen under tap water did not impact the results because, according to a 

pilot test conducted in ref. [3] the effects of bringing charged samples from cryogenic 

temperatures to room temperature were quantified and compared by two methods: allowing 

specimens to warm in air and running the specimens under tap water. To achieve this, three 

samples were tested: Sample 1 was exposed to air, and the temperature gap from below -

30℃ to 10℃ was bridged only after about 330 seconds, while Samples 2 and 3 were 

immersed in water. The result is shown in Figure 5-12. 

 

Figure 5-12 surface temperature of specimens allowed to cool in 

the air (sample 1) compared with specimens cooled by immersing 

in tap water (samples 2 & 3) [3] 

After immersing samples 2 and 3 were immersed in water, resulting in a rapid temperature 

increase to a stabilized value of 20℃ within about the first 30-60 seconds of immersion. 

This highlights the effectiveness of water immersion in quickly bringing the specimen to 

room temperature compared to air exposure without a significant loss in the amount of 

hydrogen. 

The time in minutes it took from removing the specimen from the freezer to the start of the 

fatigue test was also noted as ∆t∗, to minimize this duration. Using Vernier callipers, the 

dimensions of each specimen were measured and recorded. When dealing with uncharged 

specimens, the procedure for loading them onto the fatigue machine was much more 

straightforward. With the measurements taken, each specimen was loaded onto the fatigue 

machine and the loading configuration was set using the machine interface, before initiating 

the test. 

To input the loading configuration, the load ratio of R = 0.1, representing a loading 

condition in tension-tension [15,20–22], was chosen for each test. This load ratio was 
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selected to: (i) investigate the mean stress effect [23–25] and (ii) avoid buckling during 

testing [14]. Using the interface, setting the load configuration for each test entailed 

defining and inputting the mean load value, and the load amplitude, setting the frequency 

to 10Hz, and selecting the sinusoidal load wave function. The break limit or failure criterion 

(described in the next section) was inputted, and the save criteria to include the total number 

of cycles at the end of the test was enabled. This test could then be initiated by selecting 

the "run test" option on the user interface. 

 

Figure 5-13 Specimen loading precaution to reduce any forms of torsional loading 

When loading the specimens onto the machine's grip jaws, special care was taken to 

minimize any torsional load. This was especially critical because certain materials and 

geometry (cast iron for example) are notably sensitive to small torsional loadings 

originating from specimen twisting, and only the uniaxial load condition was being 

investigated in this research. To achieve this, a digital laser spirit level was used to guide 

the precise alignment of the grip jaws and, consequently, the specimen during the fatigue 

test. Furthermore, a bold marker was used to mark the vertical load axis on the specimen. 

This served as a visual guide during the loading process to maintain the desired alignment. 

This is illustrated in Figure 5-13.  

5.3.2 Failure criterion 

The failure criterion employed in this research was the complete breakage of each test 

specimen during testing. This was because the net area of the gauge length was small, 

thereby enabling the crack propagation part of the total fatigue life considered to be 

negligible. In a pilot test, it was observed that most of the time during each test was spent 
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on crack initiation following expectations [26,27], and once the crack was initiated, failure 

occurred rapidly. In addition, the difference number of cycles from when the crack initiates 

to complete failure is not significant compared to the overall fatigue life of the specimen. 

This is illustrated by the graph in Figure 5-14, which shows the stroke profile (displacement 

of the load around the mean stress level) as fatigue loading progresses over time. The time 

taken to change from minimum displacement to maximum displacement was minimal, 

illustrating that the time needed to propagate the crack around the gauge region was critical.  

 

Figure 5-14 Displacement profile during a fatigue test 

To achieve this, the tests were carried out using displacement (stroke) control, with a 

predetermined stroke length of 35mm on the fatigue machine. Given the materials utilized 

in this investigation, none were anticipated to undergo plastic deformation sufficiently large 

to reach this stroke level without experiencing total breakage. Figure 5-15 shows a failed 

specimen still attached to the machine's grip jaws, along with the end-of-test message 

displayed on the user interface upon reaching the stroke limit. The total number of cycles 

was recorded as the cycle count. Thereafter, the specimen was removed from the grip jaws, 

and the machine was ready for setting up the next test. 

In situations where the specimen did not experience failure, the endpoint was initially set 

at 2 million cycles for all tests. This meant that the test terminated when the cycle count 

reached 2 million cycles, at which point the specimen was considered to have successfully 

survived the test, often referred to as a runout. If the specimen that survived the test was 

uncharged, it is retested at a higher stress amplitude. For hydrogen-charged specimens, 

specimens that survived a test were not retested at a higher stress level, based on the 

assumption that the hydrogen quantity in them must have changed considerably during the 

initial test. Since this aspect was not part of the initial research scope of this research, it 
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remains unexplored and could constitute the focus of future research by investigating the 

effects on fatigue properties when quantifiable amounts of hydrogen diffuse into and out 

of pipeline materials. 

 

Figure 5-15 Failure criterion a) complete failure of specimen still attached to the grip 

jaws b) end test message displayed on the user interface 

Therefore, considering that the stress at the minimum section (Wad in Figure 5-7) of the 

specimen is the conventional nominal stress [28], which occurs at the gauge length of  the 

specimen, is the maximum stress experienced by the specimen during loading. If there are 

no stress raisers in the microstructure of the material, then it is expected that the specimen 

will fail along this gauge plane.  

Utilizing this failure criterion, Figure 1 in the appendix displays several randomly selected 

specimen fracture surfaces. The images were captured using a Zeiss Stemi 2000-C Stereo 

Microscope with a zoom range of 0.65x - 5.0x, to take pictures of the failure surfaces at the 

Department of Civil and Structural Engineering at the University of Sheffield. 

5.4 Mechanical test – Izod/Charpy Impact test 

The Izod and Charpy Impact Test evaluates the energy absorbed by a material during 

fracture [29]. In these tests, a standard-sized specimen is struck by a hammer dropped from 

a specific height and position and the energy absorbed by the specimen during an impact 

test is determined by measuring the difference in the height of the hammer's swing before 

and after impact. This test was carried out for uncharged specimens and specimens charged 

for about 42 weeks.
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5.4.1 Impact test on X52  

The impact energy of X52 steel samples after exposure to hydrogen gas for durations of 1, 

5, 18, 24, 42, and 45 weeks is summarised in Figure 5-16. Overall, significant variability 

in fracture energies was observed across all exposure periods, including the uncharged 

samples and this is likely because of the heterogeneities in the microstructures. 

 

Figure 5-16 Izod fracture energy of X52 steel hydrogen-charged for 1, 5, 18, 

24, 42, and 45 weeks, compared to uncharged specimens [3] 

 

5.4.2 Impact test on welded X52 steel 

The impact energy of the as-received welded steel samples ranged from 3.15 to 3.8 J. After 

18 weeks of exposure, the impact energy was similar, ranging from 3.1 to 3.75 J, and 

remained consistent after 45 weeks, ranging from 3.15 to 3.5 J. The measured impact 

energy of the welded steel is shown in Figure 5-17 and was found to measure up to only 

half the energy for the X52 steel shown in Figure 5-16.  

By comparing the fracture energy results after hydrogen exposure to the lowest energy 

value measured in the as-received reference condition, no significant effect of hydrogen 

gas exposure on Izod fracture energy was observed for the welded steel material, even after 

exposure to 10 bar hydrogen gas. 
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Figure 5-17 Fracture energy of all Izod-tested welded steel samples [3] 

5.4.3 Impact test on cast iron 

The impact test result for cast iron after exposing it to an 8-bar hydrogen environment for 

1,5,18,24,42 weeks is shown in XXX. An 11 J hammer was initially used for all tests 

involving the reference sample and the samples exposed for 1 and 5 weeks. However, a 1 

J hammer was later employed for all subsequent tests. This change in hammer impact 

energy was necessary for cast iron specimens, as their measured fracture energy was 

typically below 0.085 J which is comparable to the air resistance of the 11 J hammer (0.038 

J) and the 1 J hammer (0.016 J). 

 

Figure 5-18 Fracture energy of all Izod-tested cast iron samples obtained with the 1J 

and 11J Izod hammer [3] 
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Results from the 1J indicate no significant change in impact energy after hydrogen gas 

exposures of up to 45 weeks. However, some variations were observed in the data spread 

for the longer-term exposure samples, with energy values ranging from 0.075J to just below 

0.085J after the longest exposure. For data obtained using the 11J hammer, a slight 

reduction in average impact energy was noted with increasing hydrogen exposure time, 

decreasing from 0.077J in the as-received condition to 0.066J after 5 weeks of hydrogen 

exposure. Only the samples exposed for 5 weeks appeared to show slightly lower fracture 

energies, with no significant effect of long-term hydrogen exposure on impact fracture 

energies observed. 

5.4.4 Impact test on brass 

For brass specimens, samples were exposed to a hydrogen environment for 1- and 5- weeks 

of 8-bar hydrogen pressures. This is illustrated in Figure 5-19. 

 

Figure 5-19 Fracture energy of all Izod-tested brass samples [3] 

The mean impact energy showed a slight increase from 0.52J in the reference condition to 

0.56J after 42 weeks of hydrogen exposure. This indicates that there was no significant 

difference in impact energy between the as-received samples and those exposed for up to 

42 weeks to 8-10 bar of hydrogen gas atmosphere. 
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5.5 Fractography of Impact Tested Specimens 

To determine the impact toughness of pipeline materials used in this research, which is a 

measure of a material's ability to absorb energy and resist fracture when subjected to sudden 

impact, the Izod/Charpy impact tests were used [3]. This section summarises the fracture 

surfaces at different hydrogen charging times. 

5.5.1 Brass 

Figure 5-20 shows the fracture surface of the as-received brass samples, which 

predominantly exhibit a ductile fracture mode. At higher magnification (b-d), small void-

like features are visible, possibly corresponding to deep dimples. Macroscopic banding is 

visible in the macrograph (Figure 5-20a). No necking was observed in either the as-received 

or hydrogen-exposed samples. 

 

Figure 5-20 Fracture surface of uncharged brass specimen [3] 

Figure 5-21 illustrates the fracture surface after 42 weeks of hydrogen exposure. No 

significant differences were observed between the as-received brass specimen and the 

fracture surface after 42 weeks of exposure. At higher magnification, the small voids or 

dimples appeared slightly larger (10 μm).
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Figure 5-21 Fracture surfaces of the hydrogen-charged brass sample for 42 weeks [3] 

5.5.2 Cast iron  

Similarly, Figure 5-22 and Figure 5-23 illustrate the fracture surfaces of cast iron samples 

in the as-received condition and after 42 weeks of hydrogen exposure, respectively. Even 

in the as-received state, cast iron exhibited a predominantly brittle fracture surface, 

characterized by numerous cleaved facets. These were interspersed with regions and bands 

that appeared somewhat less cleaved. After 42 weeks of hydrogen exposure, similar 

features were observed, with the fracture surface still dominated by cleaved facets and 

bands with a less pronounced cleaved appearance. There were no visible differences 

between the samples with and without hydrogen charging, and no necking was observed in 

either case. 
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Figure 5-22 Facture surfaces of the uncharged cast iron [3] 

 

Figure 5-23 Fracture surfaces hydrogen charged cast iron specimens for 42 weeks [3] 
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5.5.3 X52 carbon steel 

For X52 carbon steel surfaces shown in Figure 5-24, necking of the specimen indicates a 

predominantly ductile failure. A prominent secondary crack, over 100μm in length, is 

visible on the fracture surface, along with smaller cracks of approximately 30μm, which 

may contribute to the reduced fracture resistance of the sample. The fracture exhibits a 

mixed mode, with brittle regions and cracks surrounded by ductile bands containing micro-

voids. Similarly, in Figure 5-25, necking is also observed, with a primarily ductile fracture 

mode. The reason for these differences in fracture behaviour could be attributed to 

microstructural inhomogeneities in the larger pipe sections, as the material tested was 

sourced from an ex-service pipe [3]. 

 

Figure 5-24 Fracture surface of uncharged X52 steel [3] 
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Figure 5-25 Fracture surfaces of the 42 weeks hydrogen exposed X52 steel [3] 

5.5.4 Welded X52 steel 

As shown in Figure 5-26, the SEM fracture morphology of a welded steel specimen in its 

uncharged state reveals both brittle and ductile areas with large cracks or voids. The most 

prominent crack on this surface measures over 100μm in length. Meanwhile, Figure 5-27 

presents the fracture morphology after 42 weeks of hydrogen exposure, showing no 

significant differences compared to the as-received surface. The degree of necking 

observed in the hydrogen-exposed sample is similar to that seen in the as-received 

specimen. 
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Figure 5-26 Fracture surfaces of uncharged welded steel [3] 

 

Figure 5-27 Fracture surfaces of hydrogen-charged welded steel for 42 weeks [3] 
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5.6 Analysing fatigue failure surface 

There are three main types of fractures in metals and alloys [27,30]. The first type occurs 

in ductile materials, which usually fail as a result of the nucleation, growth, and coalescence 

of voids, typically initiated at inclusions and second-phase particles. The second type is 

cleavage, where the fracture involves separation along specific crystallographic planes. In 

this case, the fracture path is transgranular. Although cleavage is often referred to as brittle 

fracture, it can be preceded by large-scale plasticity and ductile crack growth. The third 

type is intergranular fracture, which occurs when grain boundaries become the preferred 

fracture path for crack propagation in the material [26].  

Fatigue failure initiates on a microscopic scale as a tiny crack at a point of high-stress 

concentration, often referred to as a "stress-sensitive spot," and gradually extends due to 

stress fluctuations, leading to rupture [31]. Rupture typically occurs under conditions of 

severe restraint at the crack apex, where plastic deformation is largely inhibited, resulting 

in a crystalline appearance on the surface (dark region).  

In ductile materials experiencing simple fatigue failure in air, the fracture surface typically 

displays two distinct zones [31,32]: one with a smooth appearance and conchoidal markings 

(beach marks), representing the fatigue crack development, and another with a crystalline 

or occasionally fibrous appearance, indicating sudden rupture. Despite the astonishing 

extent of crack development before complete failure, the final rupture zone may be as small 

as 10% of the original cross-sectional area, especially if the part is relieved of load as the 

crack progresses [31–34]. Figure 5-28 taken using an optical camera shows the fatigue 

fracture surface of steel specimens with the beach mark regions labelled A and the possible 

final fracture regions labelled as B. More of these fatigue failure surfaces all also found in 

Appendix B and more will be observed with notched specimens in the later sections. 

The conchoidal markings serve as valuable indicators of the crack origin location, with 

abrupt changes in contour or crack front direction suggesting modifications in the stress 

system driving crack development. In addition, if there are ridges oriented perpendicular to 

the crack propagation direction, provide evidence of multiple cracks. These ridges result 

from level differences in individual crack planes, typically more pronounced near the crack 

origin surface and occasionally associated with machining marks, where cracks originate 

in parallel marks nearby. 
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Figure 5-28 Fatigue fracture surface showing the possible region of conchoidal 

markings (A) and regions of sudden fracture (B) 

In materials such as cast iron and certain cast aluminium alloys, most of the fracture occurs 

along the graphite flakes [35]. Distinguishing whether a fracture was preceded by a slow-

developing crack can be challenging. Unless there has been artificial scratching of the crack 

surfaces or staining by some fluid medium, determining the presence of a fatigue crack in 

these materials is generally difficult as seen with the fatigue failure surfaces in cast iron in 

Appendix B. 

5.7 Results of fatigue tests from hydrogen-charged specimens 

The results involved in this research have been reported in the appendix section of this 

thesis,  for both hydrogen-charged and uncharged specimens, and these results will be used 

to analyse the effects hydrogen charging has on the fatigue properties of the researched 

materials involved according to ref [36]. The hydrogenation was achieved by exposing the 

materials to hydrogen gas by leaving them in a hydrogen-pressurised tube of between 8 – 

10 bars, the results of which are synonymous with exposing pipeline material used for 

natural gas to a more hydrogen environment. The relevance of this is to investigate if the 

present natural gas network can safely distribute blended natural gas, which is the 

motivation of this research.  

5.7.1 Experimental fatigue data from steel specimens 

The data presented in Table 1 in Appendix A summarizes the uniaxial fatigue results 

generated by testing uncharged steel specimens in tension at a frequency of 10Hz. There 

were three batches of steel specimens in this case with a combined total of twenty-one 

specimens. Specimens that did not fail during the fatigue test were not retested at higher 

stress amplitudes. 
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Figure 5-29 represents a selection of randomly chosen steel specimens from the various 

hydrogen-charged lots after the fatigue test. The specimen that survived the test after 2 

million cycles is clearly labelled in this figure and showed noticeably less visible plastic 

deformation compared to the other failed specimens. 

 
Figure 5-29 Runout steel specimen and failed steel specimens from fatigue test 

Table 2 in Appendix A summarizes all the raw fatigue data that was generated from 

hydrogen-charged steel specimens and stored for different lengths of time in the freezer at 

-800C temperatures. Every effort was made to minimise the time between the specimens 

taken out of the freezer and the time the test started running. Like with the uncharged steel 

specimens, those that did not fail during the fatigue test were not retested at higher stress 

amplitudes.  

5.7.2 Experimental fatigue data from hydrogen-charged welded steel specimens 

The data presented in Table 3 in Appendix A also summarises the uniaxial fatigue results 

generated by testing welded steel plain specimens in tension at a frequency of 10Hz. There 

were two batches of uncharged welded steel specimens with a combined total of 20 

specimens, of which 4 were runouts. The runout specimens were not retested at a higher 

stress amplitude. Meanwhile, 21 specimens were hydrogen-charged, 11 of which were 

cured for 3 months, and 10 specimens cured for 9 months. Some randomly selected failed 

specimens of welded steel and shown in Figure 5-30. These specimens were tested under 

the same conditions as the steel specimens. 
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Figure 5-30 Randomly selected failed and survived welded steel specimens 

5.7.3 Experimental fatigue data from hydrogen-charged brass specimens 

The data presented in Table 4 of Appendix A summarizes the uniaxial fatigue results 

generated from plain brass specimens. Only 5 specimens were unchanged, and 10 

specimens were hydrogen-charged and cured for 9 months. There were no runout tests 

witnessed in this case. Figure 5-31 shows some randomly selected failed hydrogen-charged 

and uncharged specimens of brass. 

 
Figure 5-31 Failed uncharged and hydrogen-charged brass specimens. 

5.7.4 Experimental fatigue data from hydrogen-charged cast iron specimens 

For cast iron specimens, there were 21 uncharged plain specimens, 10 and 11 hydrogen-

charged plain specimens cured for 3 and 9 months respectively. Table 5 of Appendix A 

presents the data generated by running uniaxial fatigue tests on these plain cast iron 

samples. Some of the randomly selected failed specimens for cast iron are shown in Figure 

5-32. 
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Figure 5-32 Failed uncharged and hydrogen-charged cast iron specimens. 

 

These failed samples of cast iron do not show considerable plastic deformation. There were 

also about 9 runouts in total and these specimens were not retested at higher amplitudes.   

Fatigue data sets were also generated from notched specimens using the experimental 

protocols described in the section. The following section elucidates its relevance to the 

overarching research objectives 

5.8 Experimental fatigue tests with notched specimens 

One of the objectives of this PhD research was to employ statistical analysis to elucidate 

and examine the significance displayed by fatigue data sets. To accomplish this goal, 

experimental data was generated from notched specimens. The data obtained from these 

notched specimens were used in subsequent chapters to validate the tests for statistical 

significance. This statistical significance test aspect is crucial in this research because it 

will be applied to the fatigue data sets derived from uncharged and hydrogen-charged data 

sets to ascertain whether there exists a statistically significant difference between them. 

Before delving into these analyses, it is imperative to describe the methods used to generate 

this data from notched specimens in the experimental chapter of this research, hence its 

relevance here. 

5.8.1 Why were notches used to generate data sets used to describe statistical 

significance test 

To produce fatigue data with the prior knowledge that each dataset will differ from another, 

such data can be generated using specimens with measured geometric discontinuities. A 

good geometric configuration that can be easily measured and varied is a notch. The notch 
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root radius determines the fracture toughness of a material [26,27,37]. In this research, 

notches were particularly selected as the basis for generating fatigue data for use in 

describing statistical significance because they are well-known for reducing fracture 

toughness [38,39] and endurance limits of engineering materials, effectively shifting the 

mean S-N curve downward. They also change the slope of S-N curves and scattering. By 

introducing a notch, therefore, it is then anticipated that the fatigue data sets will be 

statistically significant. Altering the notch geometry, allowed distinct fatigue data sets to 

be generated that can subsequently be employed in the statistical significance testing. 

Moreover, notch geometry is a parameter that can be conveniently controlled and 

accurately measured. For this reason, different materials were used to produce the notched 

specimens, with three different notch diameters: 1mm, 2mm, and 3mm. 

5.8.2 Material specification and specimen/notch geometry 

The materials chosen for this section were cast iron, brass, and X52 pipeline steel. The 

specimens were rectangular in shape and underwent surface preparation to make them 

smooth by manual machining. This surface preparation was carried out at the School of 

Natural Sciences, Department of Materials at the University of Manchester. Subsequently, 

these prepared specimens were transported to the Department of Civil and Structural 

Engineering at the University of Sheffield for testing.  

To introduce notches onto the specimens, this was done in the Workshop for Civil and 

Mechanical Engineering at the University of Sheffield. The notches were created using 

drills with varying diameters to produce circular holes at the centre of the specimens. The 

dimensions of the specimens measured a length of 65mm, 8.5mmm in width and had a 

cross-sectional thickness of 2mm. These measurements were obtained with a Vanier 

calliper by taking readings at three different points on the surface of each specimen and 

then averaging the results. Figure 5-33 illustrates the geometry of the specimen used in this 

case. 
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Figure 5-33 Specimen geometry in mm having a circular notch of diameter ∅.  

 

5.8.3 Test procedure and protocols with notched specimen 

The test machine and the testing load settings applied to these notched specimens followed 

the same configuration used in the fatigue test with plain hydrogen-charged and uncharged 

specimens, as described in Section 5.3 and the failure criterion was complete breakage as 

described in this section. Some fatigue failure surfaces from these specimens are shown in 

the figure below. 

 

 

Notched steel specimens 

 
Specimen ID: S_1mm_1 

σi = 243.8MPa 

Nf = 8,103 Cycles 

 
Specimen ID: S_2mm_10 

σi = 229.8MPa 

Nf = 12,105 Cycles 

 
Specimen ID: S_3mm_6 

σi = 239.4MPa 

Nf = 12,684 Cycles 

Notched cast iron specimens 

 
Specimen ID: CI_1mm_1 

σi = 61.7MPa 

Nf = 8,798 Cycles 

 
Specimen ID: CI_2mm_9 

σi = 46.0MPa 

Nf = 110,298 Cycles 

 
Specimen ID: CI_3mm_9 

σi = 57.7MPa 

Nf = 4,988 Cycles 

  
Specimen ID: CI_2mm_2 

 
Specimen ID: CI_3mm_2 
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Specimen ID: CI_1mm_2 

σi = 52.2MPa 

Nf = 132,604 Cycles 

σi = 56.9MPa 

Nf = 16,266 Cycles 

σi = 41.6MPa 

Nf = 137,409 Cycles 

 

Notched brass specimens 

 
Specimen ID: Br_1mm_1 

σi = 95.4MPa 

Nf = 541,945 Cycles 

 
Specimen ID: Br_2mm_5 

σi = 88.3MPa 

Nf = 732,233 Cycles 

 
Specimen ID: 

Br_3mm_10 

σi = 116.5MPa 

Nf = 109,362 cycles 

 

 
Specimen ID: Br_2mm_6 

σi = 88.6MPa 

Nf = 460,968 Cycles 

 
Specimen ID: Br_3mm_9 

σi = 82.5MPa 

Nf = 109,362 Cycles 

Figure 5-34 Randomly selected fatigue fracture surfaces of notched specimens 

 

The analysis of some of the fatigue fracture surfaces from notched specimens showing 

possible regions of conchoidal markings (A) and regions of sudden fracture (B) is shown 

in Figure 5-35. More pictures to show fracture surfaces are reported in Appendix B of this 

thesis. 

 

 

Figure 5-35 Randomly selected fatigue surfaces of notched steel specimens showing 

possible regions of conchoidal markings (A) and regions of sudden fracture (B) 

 

5.9 Results of fatigue test on notched specimens 

This section summarizes the fatigue results generated through the testing of notched 

specimens of the materials selected in question, with different notch geometries. These 

results will be presented in terms of gross stress amplitude with the corresponding cycles 

to failure.  

The data presented in Table 6 in Appendix A summarizes all the raw data generated from 

fatigue testing of steel specimens with three different notch sizes. Ten specimens were 
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allocated for each notch geometry. Specimens that survived the fatigue test after 2 million 

cycles were subsequently subjected to retesting at a higher stress amplitude, as indicated in 

the table. Out of the specimens with a 1mm notch, only two specimens (S_1mm_1 and 

S_1mm_8) resulted in runouts and were retested at 243.83MPa and 243.24MPa 

respectively. Meanwhile, three survived with a 2mm notch (S_2mm_3, S_2mm_9 and 

S_2mm_10) were runouts and were retested at stress amplitudes of 182.72, 183.01 and 

175.53MPa respectively. For specimens with a 3mm notch only specimen S_3mm_6 

survived and was retested at 154.65MPa. Figure 5-36 shows a selection of randomly chosen 

failed steel specimens from each of the notch geometries. 

 

   

a) b) c) 

Figure 5-36 Failed steel specimens after fatigue test: a) specimen 

S_1mm_1 and S_1mm_2, b) specimens S_2mm_3 and 

S_2mm_4 and c) specimens S_3mm_5 and S_3mm_6 

5.9.1 Experimental fatigue data from brass notched specimens 

Similarly, the data presented in Table 7 of Appendix A summarizes all the raw data 

generated from testing brass specimens with different notch geometries. There were ten 

specimens allocated for each notch geometry. There were no runouts from the specimens 

with 1mm and 3mm notch sizes. Specimen B_2mm_3 survived the test and was retested at 

a higher stress amplitude of 94.43MPa. Figure 5-37 shows a selection of randomly chosen 

failed brass specimens from each of the notch geometries. 
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a) b) c) 
Figure 5-37 Failed brass specimens after fatigue test: a) specimen 

B_1mm_1 and B_1mm_3, b) specimens B_2mm_5 and B_2mm_7 and c) 

specimens B_3mm_9 and B_3mm_10 

 

5.9.2 Experimental fatigue data from cast iron notched specimens 

The data presented in Table 8 of Appendix A summarizes the raw fatigue data that was 

generated by testing cast iron specimens with three different notch sizes. Also, ten 

specimens were allocated for each notch geometry for cast iron. There were a good number 

of specimens that survived the fatigue test after 2 million cycles as illustrated in the table. 

Figure 5-38 also shows a selection of randomly chosen failed specimens of cast iron from 

each notch geometry. 

 

a) 
 

b) 

 

c) 

Figure 5-38 a) failed specimen of CI_1mm_1 and CI_1mm_2 b) failed 

specimen CI-2mm_1 and CI_2mm_2 and c) CI_3mm_1 and CI_3mm_2 

after failure. 

 

5.10 Chapter Feedforward  

After detailing the experimental equipment and procedures used to generate the raw data 

for this PhD research in this chapter, the focus in the next chapter shifts to post-processing 
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these raw data sets using the methodology described in the previous chapter, to draw 

meaningful and applicable conclusions for fatigue design. These methodologies will be 

applied to the data obtained from both hydrogen-charged and uncharged specimens, (data 

sets summarized in Appendix A of this thesis). The next part will also use the validated 

statistical significance tests, also described in the previous chapter, to determine whether 

the differences observed from the fatigue data sets from both hydrogen-charged and 

uncharged specimens are statistically significant or not. The data generated from notched 

specimens, which were used to validate the statistical significance tests, are also 

summarized in Appendix B.
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6 Fatigue Results and Statistical Significance 

 

 

6.1 Introduction 

Fatigue data were generated in this PhD research, and methods recommended by ASTM, 

IIW, and LRM to post-process and analyse the fatigue data were discussed. By applying 

these established methodologies to theoretical data and data from the literature, confidence 

was developed in the analysis and interpretation of the resulting data sets. Post-processing, 

in this context, refers to analysing and interpreting fatigue data sets to determine properties 

such as the endurance limit (high-cycle fatigue strength), the inverse slope in the medium-

cycle fatigue regime, and the associated scattering. This methodology involves using S-N 

curves to estimate the endurance limit at 2 million cycles for analytical purposes and 

applying statistical approaches to establish the design curve based on a probability of 
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survival and level of scatter. This process also enables the estimation of scatter bands and 

their sizes, contributing to the ability to design confidently. 

This chapter will therefore focus on post-processing the fatigue results generated by testing 

plain specimens pre-charged with hydrogen and made of ex-service X52 steel, ex-service 

X52 welded steel, grey cast iron (GCI), and brass under uniaxial loading conditions, as 

reported in the previous chapter. These specimens were pre-charged with hydrogen by 

soaking them in pressure tubes filled with hydrogen for varying durations, ranging from 

three to nine months. After exposure, the specimens were stored at -80°C to minimise the 

diffusion of the absorbed hydrogen before testing. Subsequently, uniaxial fatigue tests 

under tension-tension (𝑅 = 0.1) were conducted on these specimens, and the resulting data 

sets were post-processed. The primary objective was to assess the impact of hydrogen 

exposure on fatigue properties, with the interpretation of scatter bands being crucial for 

understanding reliability and consistency in fatigue performance. This understanding 

provides valuable insights into the material's response to fatigue loading under the defined 

conditions, aiding in the formulation of effective strategies for material design and practical 

applications, like in the HeDeploy project of which this PhD project is part. 

Furthermore, the procedure to test and establish statistical significance has been explained 

and validated using data from notched specimens and the literature. This chapter leverages 

the knowledge gained in illustrating this statistical analysis to ascertain the significance of 

observed differences in fatigue properties. The approaches used to test for statistical 

significance were explained using data sets from notched specimens and literature data. 

The objective was to use this knowledge of statistical significance to justify, with a level 

of confidence, whether significant changes indeed exist in the fatigue and fracture 

properties of the metals of interest due to hydrogen charging. The chosen significance level 

for this analysis was 5%. This is because 5% significance strikes a balance between the risk 

of making a Type I error (false positive) and a Type II error (false negative). This research 

minimized the likelihood of drawing incorrect conclusions without overly increasing the 

risk of missing the impacts of hydrogen on the selected pipeline materials. Also, the 5% 

significance level is often widely accepted as a conventional threshold, allowing results to 

be compared across the field and ensuring that conclusions drawn from fatigue analysis are 

consistent with accepted practices in the industry [1,2]. It corresponds to a 95% confidence 

level, meaning there is a high degree of certainty that the observed results are not due to 

random chance. In metal fatigue analysis, where safety and reliability are paramount, this 
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level of confidence is appropriate for making critical decisions. Other standardised 

approaches use different levels of significance like the Euro code and BS standards, but 

this research is considered a broad scope in its application.  

6.1.1 Fatigue Characterisation Analysis Considered 

To begin with, what does it mean by the fatigue characterisation of a metal? Fatigue 

characterization of a metal involves studying its response to repeated or cyclic loading, 

which is crucial for understanding how materials withstand fluctuating stresses over time. 

This process includes determining fatigue strength, representing the maximum stress a 

material can endure before failure, and assessing the fatigue life, indicating the number of 

loading cycles until failure. The concept of an endurance limit, where a material can survive 

a referenced number of cycles without failure, is also considered. In this PhD research, 

these fatigue properties will be explained using the Wöhler equation defined as [2,3]: 

 𝜎𝑘𝑁𝑓 = 𝜎0
𝑘𝑁𝐴 =  𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡  (6-1) 

Where 𝜎 is the stress amplitude, 𝜎0 the stress amplitude at the endurance limit, 𝑁𝐴 the 

reference number of cycles at the endurance limit and 𝑘 the value of the inverse slope. This 

equation shows that the fatigue strength at any cycle is mainly determined by two 

parameters, the fatigue strength coefficient and the fatigue strength exponent [4] (see 

chapter 5). The fatigue strength exponent 𝑏 represents the degree of the fatigue damage [5], 

which must be associated with the damage mechanisms. It must always be less than zero 

for the endurance limit must always be less than the fatigue strength coefficient due to 

damage accumulation during every load cycle. It has been shown that the fatigue strength 

exponent is the negative inverse slope of the mean S-N curve. For analytic purposes, the 

endurance limit is estimated at 2 million cycles. The size of the scatter band generated using 

the ASTM, IIW and LRM approaches, is quantified using a specified level of confidence 

and percentage probability of survival. This scatter band is estimated in the high cycle 

fatigue regime at the reference point (endurance limit), and it represents the interval 

between the maximum and minimum stress amplitudes at this point. 

6.1.2 Choosing a statistical distribution of fatigue data 

To assess the suitability of the adopted distribution in describing fatigue life data, the 

correlation coefficient  𝑟 is determined. The analyses used in this investigation assumed 
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that the fatigue life distribution is log-normal. The correlation coefficient r is then defined 

as [6,7]: 

𝑟 =
∑ (𝜎𝑖 − 𝜎)𝑛

𝑖=1 (𝑁𝑓,𝑖 − �̅�𝑓)

√∑ (𝜎𝑖 − 𝜎)2𝑛
𝑖=1 ∑ (𝑁𝑓,𝑖 − �̅�𝑓)

2𝑛
𝑖=1

 

 

(6-2) 

in which 𝜎𝑖 and 𝜎 are the stress and mean stress amplitude respectively. 𝑁𝑓,𝑖 the fatigue life 

and �̅�𝑓,𝑖 is the mean fatigue.  It is worth noting that, |r|≤1 and when |r| is close to one, it 

indicates a strong correlation between σ and 𝑁𝑓 in the selected distribution field. 

Consequently, the better fitting of distribution can be determined by comparing the 𝑟 

values. Usually, the larger the sample sizes are, the more precise the fitting results are in 

this distribution. 

6.2 Fatigue characterization of steel 

Recall that there is always a decline in both the mechanical and electrochemical properties 

of steel following operational use [8–10]. This deterioration extends to their resistance to 

environmentally assisted cracking, leading to diminished plasticity, strength, toughness, 

fracture resistance, and fatigue. Refs [11–13] identified that crack propagation notably 

decreases the resistance to corrosion fatigue and hydrogen-induced cracking. While Ref 

[14]  also show that the fatigue lifetime of a ferrite-pearlite microstructure is more affected 

by microstructural degradation due to the long-term service of the steel. These factors are 

commonly associated with the failure mode observed in steel pipes used for transporting 

natural gas, particularly in moist environments.  

In this research, ex-service X52 low-carbon steel, which had been in use for over 30 years, 

was employed as the steel specimens [15]. Although this research doesn't specifically 

investigate the degradation process in the ex-service X52 pipeline steel, it does examine 

the influence of exposure to certain levels of hydrogen, comparing its impact to data 

available in the literature. 

This section will post-process the data generated from ex-service X52 plain steel specimens 

used in this research. Seventeen plain specimens were uncharged, while fifteen specimens 

each were hydrogen charged by soaking them for three and five months. The fatigue data 

generated by testing these steel specimens have been reported in the previous chapter (see 

experiments and raw data chapter). 
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6.2.1 The mean S-N curve and parabolic scatter bands from fatigue data sets for 

steel 

By utilizing the post-processing techniques described in the methodology chapter, the 

graphs summarized in Figure 6-1 depict the mean S-N curve, the endurance limit, and the 

parabolic scatter bands of the fatigue data sets generated using approaches suggested by the 

ASTM, IIW and LRM. These scatter bands were constructed at a 95% probability of 

survival. 

The mean points (𝑙𝑜𝑔𝜎𝑖
̅̅ ̅̅ ̅̅ ̅, 𝑙𝑜𝑔𝑁𝑓,𝑖

̅̅ ̅̅ ̅̅ ̅̅ ̅) of these curves do not align, despite a minimal percentage 

difference in the direction of life. As a result, this mean point cannot be regarded as a fixed 

reference for observing changes in these S-N curves due to hydrogen charging. These 

graphs will be analysed by comparing each of the fatigue properties represented by these 

curves, spread, slope, intercept, endurance limit and size of scatter bands. 
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a) 

 

b) 

c) 

 

d) 

Figure 6-1 Mean S-N curves and parabolic scatter bands of steel fatigue data sets a) plain 

uncharged, b) plain hydrogen-charged for 3 months c) plain hydrogen charged for 5 

months and d) plain hydrogen-charged for 9 months.  

Table 6-1 summarises all the fatigue properties for steel generated from testing steel plain 

specimens under various hydrogen-charging and curing conditions. This table shows the 

various values for the sample set, the standard deviation as well as values of the inverse 

slope from steel data sets.  

Table 6-1 Summary of fatigue properties of steel in tension (R = 0.1), at a frequency of 10Hz 

for hydrogen-charged specimens and cured in months, and uncharged plain specimens, (NA 

= 2 x106) 

 

Specimen 

ID 

Fatigue results 

n s k R  

Co 

r 𝜎0 

[MPa)] 

𝜏𝜎 

(ASTM) 

𝜏𝜎 

(IIW) 

𝜏𝜎 

(LRM) 

S_uncharged 17 0.09 50.87 0.1 125.91 0.95 224.5 1.08 1.06 1.07 

S_3m 15 0.06 54.54 0.1 134.07 0.97 220.1 1.06 1.05 1.05 

S_5m 15 0.41 17.38 0.1 46.36 0.78 201.6 1.37 1.28 1.31 

S_9m 9 0.07 45.80 0.1 113.59 0.96 219.5 1.09 1.07 1.08 
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The endurance limits determined using linear regression are also summarized and the sizes 

of the scatter bands calculated from the standardized approaches (ASTM, IIW, LRM) used 

in this research are shown. These scatter bands approximate to unity across the different 

data sets for steel. 

Based on the correlation coefficient factors presented in the table above, it is apparent that 

the log-normal distribution employed for the fatigue data sets for steel in this study 

exhibited correlations close to unity, indicating a strong correlation in the fatigue life 

distribution. However, the steel specimens soaked for five months displayed the lowest 

correlation among them, suggesting potential variations in the fatigue properties revealed 

by this particular data set, which will be further investigated.  

It is also possible that the results obtained after charging the specimens for 9 months do not 

align with the trends observed in other charging durations. During the extended charging 

period, the material may have become saturated with hydrogen, leading to minimal net 

migration of hydrogen atoms leading to a reduction in the decohesion mechanism of HE. 

Once hydrogen migration ceases, the risk of further embrittlement is minimized, as no more 

hydrogen atoms move to critical stress regions to influence the stress distribution and cause 

cracks can initiate. Furthermore, for hydrogen that has already diffused into specific regions 

(e.g., grain boundaries or dislocations), further movement is halted, which may prevent 

additional degradation, depending on the initial amount of hydrogen absorbed.  

6.2.2 The size of the scatter bands of steel data sets at a 95% probability of 

survival 

Parabolic scatter bands in the life field are not employed in practical design, as detailed in 

the post-processing chapter [2,3,16–18]. These parabolic scatter bands are transformed into 

parallel scatter bands () in the stress field by considering the perpendicular bisectors at 

the mean point of the curves. By so doing the scatter factors (KD) are generated for all the 

approaches considered in this research. Figure 6-2 illustrates the parallel scatter bands 

constructed using this approach for steel, which is highly applicable in design. The sizes of 

these scatter bands are calculated using these scatter factors from the various approaches, 

based on a 95% probability of survival at 95% confidence.  

The next question to address is the proportional change in the scatter bands for the various 

steel data sets. This change is contingent on the considered probability of survival. The 

main deterministic factor influencing this change in the scatter band is the spread in the 
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fatigue data sets. The spread changes as a result of variations in the material properties, 

even within the same alloy or grade, which can lead to differences in fatigue behaviour. 

Inconsistencies in manufacturing processes, composition, or microstructure also contribute 

to increased spreads. The condition of the specimen's surface, including imperfections, 

roughness, or irregularities, can affect fatigue life and can be manifested in the spread of 

the data. Other factors like geometry, environmental factors, testing conditions and 

microstructural variations could also show up in the spread of fatigue data. 

Figure 6-3 illustrates the alterations in each of the scatter bands employed for different 

groups of the steel specimens. These scatter bands either maintain the same size or change 

in the same proportion for all the fatigue data generated from steel specimens. The scatter 

band generated using the ASTM approach is always more conservative, while the IIW 

approach is the least conservative of the approaches considered in this PhD research. 

 

a) 

 

b) 

c) d) 

Figure 6-2 Parallel scatter bands () used for design purposes at a 95% probability of 

survival for steel a) plain uncharged, b) plain hydrogen-charged for 3 months c) plain 

hydrogen-charged for 5 months and d) plain hydrogen-charged for 9 months 
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Figure 6-3 Change in the size of scatter bands using the ASTM, IIW and LRM 

approaches at a 95% confidence and 95% probability of survival 

Specifically, there is a noticeable increase in the sizes of the scatter bands for the charged 

steel specimen left for five months in the pressured hydrogen tubes (HT) as compared to 

the scatters for the other groups of specimens. This suggests that there is a substantial 

impact on the fatigue properties. However, the size of the scatter band for these specimens 

still does not exceed the size of 3 for example, a case of unreasonable spread in the fatigue 

data. An obvious question is what has contributed to the increased scatter band of the data 

set from five months of hydrogen soaking. Before delving into this, it will be necessary to 

examine the other fatigue properties of steel as shown by all the data. 

6.2.3 The change in the inverse slope of specimens from steel 

The inverse slope for most metals falls in the range of 20 to 8 [7,19], although these values 

can vary depending on the specific steel alloy, heat treatment, and other factors. From Table 

6-1, the data set from specimens cured for five months is observed to have the smallest 

inverse slope (𝑘 = 17.38). It falls within the range of the inverse slope in the literature. 

The mean curve produced by these specimens is steeper compared to the other datasets, 

indicating a significant reduction in the fatigue resistance of the material specimens [20]. 

The reduction in the fatigue strength is because of an increase in the defecting size [21,22] 

or discontinuities in the material, presumed to enhance hydrogen embrittlement. However, 

the inverse slopes generated by the other data sets are observed to be notably higher than 

expected. This is summarised in Figure 6-4.  

The specimens used in this investigation are ex-service steel specimens and it remains to 

be confirmed the mechanical properties of these specimens compared with other 

conventional materials. The extent of degradation over its use is a contributory factor, in 

particular the environment where the material was used. Moreover, the size effect, often 
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observed in smaller specimens where the stress distribution and other factors may differ 

from larger counterparts [23], could be a factor influencing these values. 

 

Figure 6-4 The trend in the inverse slope of steel specimens with time in HT 

6.2.4 Change in the spread of steel specimens 

The spread in fatigue data denotes the variability observed in a set of fatigue test results for 

a specific material subjected to cyclic loading. As has been mentioned, this variability can 

stem from factors such as material composition, manufacturing processes, heat treatment, 

and other variables, leading to differences in fatigue properties among specimens. 

Additionally, the spread in fatigue data may also highlight the influence of factors like 

surface finish, notch sensitivity, material defects, and environmental conditions on a 

material's fatigue behaviour. As seen from Table 6-1 the fatigue life spread lies in the range 

0.06 – 0.14 as shown also in Figure 6-5. The specific value of the spread always depends 

on the material properties, and it is calculated based on the differences between individual 

data points and the mean of the data set. The properties influencing this spread vary from 

specimen to specimen and cannot be determined a priori. Subsequently, the values shown 

in the figure below will be compared with values from the literature, in the hope that they 

are similar. However, from the results, the spread from specimens soaked for five months 

is the largest as compared to the other data sets. This can be attributed to the inherent 

properties of the material, changes due to degradation during use, and the influence of 

hydrogen introduced during the research. This increased spread could have arisen due to 

unaccounted differences in material inhomogeneity, testing conditions including specimen 

preparation, loading conditions, and environmental factors which further contribute to this 

variability [1,24,25]. As fatigue analysis is a statistical phenomenon, even minor 

fluctuations in material properties or testing conditions can result in substantial differences 

in fatigue life. 
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Figure 6-5 The trend in the scatter of steel specimens 

6.2.5 Change in the intercept of data sets from steel  

Similarly, the vertical intercept C0 shows the fatigue strength of steel. This value is often 

about one-quarter of the first fatigue life in the stress-life curve of a material [7,19]. 

According to Table 6-1, the values of the intercept increase as the specimen’s time in 

hydrogen increases. Accordingly, the fatigue strength demonstrated by these data sets also 

shows that the fatigue strength for steel was reduced as the specimens stayed longer in the 

pressured hydrogen tubes. This change in the intercept is summarised in the Figure 6-6 

below. 

 

Figure 6-6 Change in the intercept for steel specimens with time in the HT 

The results show that the S-N curve was flexing about an arbitrary mean point for all the 

data sets as the charging time in hydrogen increased. The greatest change in these quantities 

was noticed with specimens charged for five months. Again, the characteristics of the 

specimens charged for five moments are continuously different from the other data sets. 

6.2.6 Change the endurance limit for steel 

Recall also that the endurance limits of most steels are between 35% to 50% of the tensile 

strength of the material [7,19]. In this PhD research, the endurance limit was estimated at 
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2 million cycles for analysis purposes. For steel specimens, the endurance limit was seen 

to reduce as the specimens were soaked in hydrogen for prolonged periods. This is 

illustrated in Figure 6-7 below. 

 

Figure 6-7 The trends in the endurance limit as time in HT increases 

The values of the endurance limit only differ by 2%, except for specimens that were soaked 

in HT for five months. Even after this period, the difference in the endurance limit from 

unsoaked specimens was only 10%. This discrepancy still falls within the range considered 

reasonable for changes in the endurance limits of metals. Similar to other fatigue properties 

of metals, the endurance limit is influenced by a multitude of factors related to the material's 

composition, processing, and testing conditions. The composition and heat treatment 

processes also affect the endurance limit, along with the microstructure of the metal. 

Surface conditions, environmental factors, and size effects all contribute to the variability 

in the endurance limit. In this case, in particular, the degradation of steel after use was the 

most considerable factor.  

Figures 6-1 to 6-7 clearly illustrate the impact of hydrogen on the fatigue properties, such 

as the endurance limit, which decreases as the charging time increases. Prolonged charging 

allows more hydrogen atoms to diffuse into the metal as shown using Sievert’s equation. 

As hydrogen penetrates the steel material, it accumulates at locations like grain boundaries, 

dislocations, and microstructural defects. This increased hydrogen concentration 

aggravates embrittlement effects, making the pipeline steel material more brittle and prone 

to cracking under stress. The formation of hydrogen-induced cracks is facilitated as 

hydrogen accumulates at stress concentrators (discontinuities), which promotes crack 

initiation. With increased charging time, these cracks propagate more easily, leading to 

hydrogen-induced cracking. From zero to five months, the reduction in the endurance limit 

is highly noticeable. By nine months, however, the decrease is less pronounced, possibly 
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due to hydrogen saturation in the metal or slower material degradation in comparison to 

other specimens. Despite this, the endurance limit is still lower than that of uncharged 

specimens. This may also be influenced by increased variability in the fatigue data due to 

the heterogeneity of discontinuities in each material specimen. However, the variability in 

the endurance limit remains within the same scatter band when compared to uncharged 

specimens. Overall, a decreasing trend in the endurance limit is observed, with greater 

variability in the data as charging time increases. 

6.2.7 Fatigue properties of ex-service steel from literature 

To assess how these properties compare with literature data, Table 6-2 present selected 

fatigue properties of ex-service X52 steel obtained from various sources. The table includes 

the approximate number of years the steel pipe was in use, after which the specimens were 

produced. Specifically, the endurance limits have been normalized using the ultimate 

tensile stress (fatigue ratio) for each specimen and reported in the last column of the table. 

The fatigue properties of these materials also depend on other factors such as material 

properties, application, time in use, and testing conditions. These factors could not be easily 

quantified for verification and comparison purposes.  

The differences in the summarized fatigue properties presented in Table 6-2 can be 

attributed to a variety of factors influencing the S-N curves. These variations may stem 

from inherent material heterogeneity, including differences in chemical composition, 

microstructure, and grain size. Additionally, surface finish irregularities and variations in 

heat treatment processes also contribute to this variation in fatigue properties. Notch 

sensitivity, as seen in the example in Ref [10] (though nominal stresses were used), along 

with the impact of surface defects, environmental conditions, and the frequency of testing 

further accounts for the variability in the summarised data. The methodology employed in 

testing, such as specimen geometry size factors and loading conditions, as well as statistical 

fluctuations, may also have contributed to the observed differences. The level of 

degradation in the various specimens could also account for this variability as steel 

pipelines degrade in the course of usage over the years. The rate at which degradation takes 

effect is also dependent on many other factors. Thus, it was not expected to observe fatigue 

properties that would be the same, although it is expected that they should all agree to some 

extent. 
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Table 6-2 Normalised endurance limit and fatigue properties of ex-service X52 pipeline 

steel literature in comparison to measured fatigue properties in this research 

Source Material 

type  

Years in 

use 

Net 

area 

(mm2) 

𝜎𝑈𝑇𝑆 

[MPa] 

k R 𝜎0 

[MPa] 

𝜎0,50%
𝜎𝑈𝑇𝑆

⁄  

[14] X52-S1 14 625 534 13.50 0.10 299.9 0.56 

[14] X52-S2 21 625 544 12.23 0.10 252.5 0.46 

[26] X52 pipe 

(surface 

finish) 

New  412 540 8.11 0.10 367.4 0.68 

[26] X52 pipe 

(W. surface 

finish) 

- 412 540 5.49 0.10 262.4 0.49 

[27] X52 

Pipeline 

Ex-service 200 616 43.80 0.50 249.2 0.40 

[10] API X52 

(notched) 

Ex-service 

(air) 

- 528 43.75 0.50 249.1 0.47 

[10] API X52 

(notched) 

Ex-service 

(hydrogen) 

- 570 78.50 0.50 252.1 0.44 

S_0m Uncharged 

X52 

Ex-service 9.51 501 50.87 0.10 224.5 0.45 

 

 

The inverse slope in particular was high as compared to fatigue data sets from the literature. 

However, the value obtained is not too significant compared to the values from Refs. [27] 

and [10]. From the normalized endurance limits, it can be inferred that the specimens used 

in this research align well with those reported in the literature. The values obtained are 

closely comparable, focusing only on the properties of the uncharged steel specimens and 

comparing them with those in the references cited. 

6.2.8 Statistical significance of fatigue properties in steel  

Using the data sets detailed in experiments and the raw data chapter for steel, the 

characteristic significance test values calculated using the approach described in the chapter 

for significance tests, are summarised in Table 6-3. Each data set, obtained from the soaking 

time, underwent statistical significance testing with uncharged specimens. The parameters 

considered for determining statistical significance at a 95% confidence level included 

variance, inverse slope, and vertical intercept. This was accomplished through the 

application of a composite hypothesis test. From the results summarised in this table, it is  
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Table 6-3 Summary of significance steel specimens for the various soaking times for a 

confidence level of 95% 

Compared 

data sets 

𝜎0,𝑢𝑛𝑐ℎ. 

𝜎0,𝑥𝑚 

[MPa] 

% 

∆𝝈𝟎 

Variance 

test 

(𝜷 = 𝟏. 𝟕%) 

Slope 

test 

(𝜷 =
𝟏. 𝟕%) 

Intercept 

test (𝜷 =
𝟏. 𝟕%) 

Conclusion 

(∑ 𝜷 ≅ 𝟓%) 

S_uncharged 

and S_3m 

224.5 

220.1 

-2 -1.80 -11.34 0.32 Significant 

S_uncharged 

and S_5m 

224.5 

201.6 

-10 -1.55 18.54 -0.05 Significant 

S_uncharged 

and S_9m 

224.5 

219.9 

-2 -3.83 -13.55 -0.05 Insignificant 

 

 

 
a) 

 
b) 

 
c) 

Figure 6-8 Significance S-N curves for steel, a) scatter bands and significance for 

uncharged and charged for 3 months, b) scatter bands and significance for uncharged 

and 5 months charged and c) scatter bands and significance for uncharged and 9 months 

charged  

observed that the steel specimens soaked for three months fall the null hypothesis for the 

intercept and are therefore significant with the uncharged specimens. Similarly, specimens 

soaked for five months fail the null hypothesis for inverse slope and are statistically 

significant from the uncharged specimens. It is then concluded that the two data sets (three 
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and five months soaked) do not have the same characteristics as the uncharged specimens 

at a 95% level of significance. However, the specimens soaked for nine months produce 

mean curves with parameters that are statistically insignificant from uncharged specimens 

at a 95% level of significance. 

The graph in Figure 6-8 illustrates the overlapping scatter bands obtained from the datasets 

used in the significance test for steel specimens. The comparison between uncharged 

specimens and specimens soaked for three months reveals a significant alteration in fatigue 

properties resulting from hydrogen soaking. This conclusion is drawn based on the non-

collinearity of the intercepts of the mean curves estimated from these data sets. Specifically, 

the test statistic for the fatigue strength coefficient (the intercept) is found to be statistically 

significant across the entirety of the stress-life region. However, when focusing the analysis 

in and around the mean stress amplitude considered during testing, without extrapolating 

to stress levels significantly different from this point, the retained test statistic is less than 

the critical value (by -27.54). Consequently, the test fails to reject the null hypothesis, 

indicating an insignificant difference in this case. It can then be concluded that under this 

consideration, charging steel specimens for 3 months is statistically insignificant if they are 

tested around the mean stress amplitude, and the endurance limit is reduced by just 2%.  

When considering steel specimens subjected to a hydrogen environment for 5 months, a 

dataset was generated with an inverse slope value of 17.38 (indicating a fatigue strength 

exponent within the expected range for metals), a statistically significant contrast to the 

value of 50.87 is observed for uncharged specimens. The observed change in the endurance 

limit is approximately 10%. While a 10% shift in the endurance limit remains within the 

acceptable range for metals (35% to 50% of the tensile strength), the variance and inverse 

slope of this data set show statistical significance when compared to uncharged steel 

specimens. This implies that, at a 95% significance level, there is evidence suggesting a 

notable difference in variance and inverse slopes between the two fatigue curves. A more 

in-depth discussion of these results will be explored in the next chapter. 

Additionally, when examining specimens soaked in hydrogen for approximately nine 

months, the resulting curves exhibit high values of the inverse slope, comparable to the 

inverse slope observed in unsoaked specimens. However, the test statistic values for both 

variances and inverse slopes reveal that there is not enough evidence at the 95% 

significance level to claim a significant difference between the two datasets.  
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Putting together all these data sets from steel into a unified graph is presented in Figure 6-9. 

This figure was generated using a very conservative probability of survival of 99.9%. It is 

noted that only a few data points align close to the boundary of the scatter band, all of which 

belong to the batch of specimens soaked for 5 months. The data points from this soaking 

period did not exhibit a clear pattern and did not offer any meaningful insights into the 

fatigue properties from an engineering perspective. This data set can be cleaned by ignoring 

all anomalies from the data set. To determine the anomalies, this is achieved by excluding 

all the data points that exceed about 3 standard deviations from the mean point, it becomes 

evident that these points fall entirely within the scatter band generated with such a high 

probability of survival (99.9%). 

 

Figure 6-9 Superposed steel data sets into 99.9% probability scatter band of 

survival of uncharged specimens. 

If the design curve for these steel datasets considers other correcting factors for surface 

finish, loading, environment, size, temperature, and surface treatments, it would effectively 

encompass all data points. Consequently, a single design curve, incorporating a safety 

factor, becomes suitable for designing with this data. Thus, it can be concluded that with 

an existing design probability of survival of 99.9% and an appropriate safety factor, such a 

design would be capable of safely handling natural gas blended with hydrogen as 

considered in this study. Although there is a noticeable change in the fatigue properties of 

X52 steel used in the distribution network, the new fatigue properties of this material used 

in transporting the blended natural gas would still fall within the current design curves of 

the pipeline in the existing network. 

.   
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6.3 Fatigue characterization of welded steel 

Existing literature has also demonstrated a decrease in both the mechanical and 

electrochemical properties of steel pipes after they have been in use [1,2]. In line with this 

degradation, as outlined in Ref.[26], fatigue performance for X52 welded joint specimens, 

with or without surface finish, showed that both the pipe bodies and the welded joints of 

the high-frequency electric resistance welding (X52 HF-ERW) pipes maintained an 

excellent balance of strength and impact toughness. Notably, the cyclic strength of the 

welded joints experienced a more significant reduction compared to the pipe bodies, and 

the fatigue resistance was notably influenced by the presence of surface defects. The 

welded steel specimen used in this research was obtained from ex-service X52 low carbon 

steel [15] and it would be expected that this material would behave like those reported in 

the literature, albeit to what extent. 

For this research, the specimens available for welded steel consisted of sixteen uncharged 

plain specimens. For the hydrogen-charged specimens, ten were cured for three months, 

while nine were cured for nine months. Similarly, the raw data generated from testing these 

welded steel specimens is reported in the experimental setup and raw data chapter of this 

research. All tests were performed under the same conditions as the steel specimens. 

6.3.1 The mean curve and parabolic scatter bands for welded steel 

Using the post-processing approaches described in the methodology chapter produced 

mean S-N curves at a confidence level of 95% and 95% probability of survival. The 

diagram in Figure 6-10 summarizes the mean curves and parabolic scatter bands generated 

by testing welded steel hydrogen-soaked specimens for three and nine months, and 

uncharged specimens. The procedure to extract welded specimens from welded pipes has 

been described in the experimental chapter (see Figure 4-2). These scatter bands were also 

constructed using the standardized approaches with the ASTM approach being the most 

conservative. Similar to the steel specimens, the mean points (𝑙𝑜𝑔𝜎𝑖
̅̅ ̅̅ ̅̅ ̅, 𝑙𝑜𝑔𝑁𝑓,𝑖

̅̅ ̅̅ ̅̅ ̅̅ ̅) of the S-N 

curves for welded steel do not align, despite a minimal percentage difference in the 

direction of life, and hence will also not be considered as a reference point for comparing 

the curves. 
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a) 

 
b) 

 
c) 

 

Figure 6-10 Mean S-N curves and parabolic scatter bands of welded steel fatigue data 

sets a) plain uncharged, b) plain hydrogen-charged for 3 months and c) plain hydrogen 

charged for 9 months. 

The fatigue properties generated from testing welded steel specimens are summarized in 

Table 6-4. This includes the values for the number of specimens and the stress ratio at 

which the fatigue tests were carried out. The values of the vertical intercept C0 are also 

included, the endurance limit, spread, inverse slope, and the various sizes of the scatter 

bands generated using the standardised approaches considered in this research. The 

correlation coefficients have also been generated from these data sets. The scatter bands 

from specimens soaked for 3 months are observed to be the largest revealing a higher 

variability in the conditions accountable for the fatigue properties of welded steel. 

Moreover, the correlation coefficients for the data sets obtained from welded steel 

specimens were generally high, indicating strong correlations, except for the data set from 

specimens soaked for three months. Interestingly, the data points from this soaking period 

did not exhibit a clear pattern and did not offer any meaningful insights into the fatigue 

properties from an engineering perspective.  
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Table 6-4 Summary of fatigue properties of welded steel (𝑅 = 0.1) frequency of 10Hz  

 

Specimen ID 

Fatigue results 

n s k R Co r 𝜎0 

[MPa)] 

𝜏𝜎 

(ASTM) 

𝜏𝜎 

(IIW) 

𝜏𝜎 

(LRM) 

WS_uncharged 16 0.74 61.23 0.1 150.61 0.84 227.4 1.17 1.13 1.14 

WS_3m 10 0.75 11.58 0.1 32.09 0.18 168.2 2.53 2.05 2.26 

WS_9m 9 0.51 81.91 0.1 198.86 0.89 224.3 1.10 1.07 1.08 
 

 

6.3.2 Size of the scatter band for welded steel 

Using the same approach adopted for the steel specimens above, the parallel design curves 

generated from the parabolic curves above are summarized in Figure 6-11. These scatter 

bands were generated with a 95% probability of survival and are affected similarly as the 

data traverses through the soaking durations. The largest scatter band is observed after the 

hydrogen-charged specimens have been soaked in hydrogen for three months, and it is the 

smallest when they have been soaked in hydrogen for nine months. This variation could be 

attributed to factors such as the heterogeneity of material properties, different levels of 

hydrogen absorption, or varying degrees of microstructural changes during the manufacture 

and curing process. However, assuming that none of these factors contributed to the fatigue 

properties besides hydrogen charging, it can be concluded that the specimens most 

impacted in terms of the fatigue properties in this investigation were those soaked in 

hydrogen for three months. The trend in the scatter band is illustrated in Figure 6-12. 
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a) 

 
b) 

 
c) 

 

Figure 6-11 Parallel scatter bands (𝜏𝜎) used for design purposes at a 95% probability of 

survival for welded steel a) plain uncharged, b) plain hydrogen-charged for 3 months c) 

plain hydrogen-charged for 9 months 

 

 

Figure 6-12 The trends in scatter bands of welded steel at 95% probability of 

survival 

While the scatter bands for specimens soaked for three months exhibited the largest 

dispersion, these scatter bands did not change in the same order of magnitude. Upon closer 

examination of the results obtained during the testing of specimens WS_3m_4 and 

WS_3m_6, flawed crack surfaces were observed, visible to the naked eye. These are 
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discontinuities (see Figure 6-13) in the specimens that cannot be ignored due to their easily 

traceable nature.  

 

Figure 6-13 Discontinuity at the crack surfaces of welded 

steel specimens 

Disregarding the contribution of this pair of data from the dataset results in new estimates 

for the parameters of the mean curve: the variance reduces to 0.65, the intercept to 54.50, 

and the endurance limit adjusts to 200.33 MPa. The scatter bands adjust accordingly and 

converge to similar values, as seen in the other datasets from both charged and uncharged 

welded steel specimens. The new trend in the data set is shown in Figure 6-14 

 

Figure 6-14 The trends in scatter bands of welded steel at 95% probability 

of survival with edited data 

Nevertheless, the specimens soaked for three months still exhibit the most adversely 

affected fatigue properties due to hydrogen charging. 
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6.3.3 Change in the inverse slope of welded steel 

Similar to the case of steel and Eurocode recommendation, the inverse slope for welded 

steel falls in the range of 20 to 3 [28,29]. These values also depend on a priori knowledge, 

application and the other factors that determine the fatigue property of the material. A value 

of 3 is recommended by the IIW and Eurocode 3 [29–34] for analysis and design purposes. 

The values of the inverse slopes generated from welded steel in this PhD research were 

61.23 when uncharged to about 11.58 when soaked for three months but increased to 81.91 

when cured for nine months. These are high values as compared to the recommendations 

cited herein. The recommended values for the inverse slope are typically intended for 

design purposes, prioritizing safe design practices by over-conservatively evaluating 

experimental results [22]. However, the values generated in this context are specifically for 

research and development. It's essential to note that the material under investigation was 

X52 ex-service welded steel, which introduces various material, environmental, and 

loading factors that the researcher might not have initially identified or accounted for. The 

slopes of all the curves were observed to be greater than m = 3, and if the data set were 

analysed with a fixed slope of 3, it would result in fatigue strength values at two million 

cycles that are relatively lower and in line with Ref. [34].  

In particular, it was observed that there was a significant reduction in fatigue resistance 

when welded steel specimens were soaked for three months compared to nine months. The 

inverse slopes of 61.23 and 81.91 depict a gradual decrease in the fatigue resistance of these 

specimens, resulting in a longer fatigue life. This suggests that the rate at which this fatigue 

resistance changes impacts the fatigue properties. The inverse slope for specimens soaked 

for three months was consistent with the values recommended for welded joints. 

Considering that the fatigue strength of welded joints is typically influenced by local and 

global stress concentrators, welding residual stresses, weld defects, and flaws, this study 

also highlighted that these factors provided pathways for hydrogen embrittlement due to 

hydrogen charging. The trend in the change of the inverse slope with hydrogen soaking 

time is illustrated in the Figure 6-15 below. 
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Figure 6-15 The trends in inverse slope for welded steel specimens  

6.3.4 Change in spread welded steel data  

The spread in fatigue date of welded joints is typically influenced by local and global stress 

concentrators, welding residual stresses, weld defects and flaws [28,29,31–33]. The change 

in the spread of fatigue data for welded steel was large as compared to the data cited herein. 

While this also depends on the welding process, the larger the scatter the more the variation 

in magnitude of these deterministic factors. Figure 6-16 shows the trend in the data for 

welded steel that was generated in the PhD research. 

 

Figure 6-16 The trend in the spread of welded steel 

6.3.5 Change in the intercept of welded steel 

According to the fatigue properties summarised in Table 6-4 for welded steel, the 

approximate fatigue strength coefficient after about a quarter of a cycle changes as the 

soaking time of the specimens increase [7,19]. If a fixed inverse slope of 3 was fixed to 

these data sets, a different value of the intercept constant will be observed [35]. Using the 

properties as revealed by the fatigue data in this research produced intercepts as 

summarised in Figure below for the different lengths the specimens were soaked in 

hydrogen. 
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Figure 6-17 The trend in fatigue strength coefficient of welded steel 

6.3.6 Endurance limit of welded steel 

The endurance limit of a welded joint is dependent on the intrusion size and other factors 

that prevent crack propagation within the applied stress range. If the intrusion size is not 

appropriately considered, it may result in underestimating or overestimating the fatigue 

strength of the welded joint. Therefore, it is crucial to carefully account for intrusion size 

variations in fatigue data analysis to ensure more accurate and reliable predictions of the 

joint's fatigue performance. The recommendations by the IIW to use an inverse slope of 3 

seem to cater for these uncertainties, by predicting much lower values for the endurance 

limit. 

This research used the inverse slope generated from the fatigue data sets of welded steel 

for analysis purposes and the endurance limit was estimated after 2 million cycles. Figure 

6-18 shows how the endurance limit varied for ex-service X52 welded steel specimens that 

were used in this research. 

 

Figure 6-18 The trend in the endurance of welded steel with soaking time 

The endurance limits of the unsoaked specimens and those soaked for nine months were 

similar, differing by just 1%. However, they differed from the specimens soaked for three 
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months by up to 33%. Nevertheless, upon removing the specimens with obvious 

discontinuities (WS_3m_4 and WS_3m_6), the difference was reduced to about 11%.  

6.3.7 Fatigue Properties of ex-service welded steel from the Literature 

The fatigue properties of welded steel are influenced by the alterations in the microstructure 

of the steel joint during welding [36]. The hardenability or susceptibility to cracking in steel 

welds is assessed through the carbon equivalent, offering an estimate of the combined 

influence of essential alloying elements on the microstructure. Furthermore, the thermal 

cycles and cooling rates during welding play a crucial role in inducing modifications in the 

microstructure. Some equivalent high-strength steel materials commonly employed in the 

pipeline industry and similar to X52, are ISO 3183, EN 10208, and DIN 17172, under ICS 

NO. 75200. Post-weld heat treatment can influence the fatigue properties by modifying the 

microstructure  

Table 6-5 Fatigue properties of X52 welded steel pipeline from the literature in 

comparison to measured fatigue properties in this research 

Source Weld 

type 

Material  

type  

Years  

in use 

Net 

area 

(mm2) 

𝜎𝑈𝑇𝑆 

[MPa] 

k R 𝜎0 

[MPa] 

𝜎0,50%
𝜎𝑈𝑇𝑆

⁄  

[37]  JIS 

SPV50 

- 1000 648 5.08 0.5 186.5 0.29 

[26] Frict. 

stir 

X52 

surface 

fin 

New 412 542 6.69 0.1 335.9 0.61 

[26] Frict. 

stir 

X52 no 

surface 

fin 

New 412 542 5.22 0.1 231.9 0.43 

[38] STT API 5L 

X52 (A) 

(110Hz) 

In-

service 

127.5 580 4.25 0.5 135.5 0.23 

[38] STT API 5L 

X52 (A) 

(1Hz) 

In-

service 

127.5 580 3.43 0.5 118.2 0.20 

[39] - S355J2G3 

(X52) 

New  - 460 3.7  108.6 0.23 

Present 

research 

 X52 Ex-

service 

9.25 542 61.23 0.1 227.4 0.41 

 

Table 6-5 illustrates certain fatigue properties of X52 welded steel extracted from the 

literature. Notably, the inverse slope of the uncharged welded steel specimens employed in 

this study surpasses the values reported in the literature. This discrepancy suggests a more 

pronounced reduction in fatigue life with increasing stress for the specimens in comparison 

to the literature data. Several factors could contribute to this variance, including the possible 
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introduction of hydrogen in this research, the extraction of specimens from ex-service pipes 

that have experienced variable degradation over years of use, variations in loading 

conditions, and the impact of size effects. Furthermore, direct comparison of fatigue life at 

equivalent stress levels like in low, medium, and high-stress regimes is a challenge due to 

the fatigue life dependent on stress level in materials. This complicates the sensitivity 

analysis of the dataset when compared to literature data. The presence of specimens with 

stress concentration features introduces variations in the observed data from the literature, 

influenced by the notch sensitivity. The influence of mean stress on fatigue properties is 

noteworthy, and the consideration of frequency during testing (as highlighted in Ref  [38]) 

is crucial in understanding the material's fatigue behaviour. In summary, the normalized 

fatigue ratio (endurance limit to ultimate tensile strength) in this PhD research aligns 

reasonably well with literature-generated values, indicating a similarity in the fatigue 

properties of X52 welded steel between this study and literature data. 

6.3.8 Statistical significance of fatigue properties in welded steel  

The data summarised in Table 6-6 illustrates the characteristic values of the hypothesis test 

for welded steel. The results indicate that the fatigue properties of welded steel are not 

statistically significant when pre-charged with 20% hydrogen by soaking in a hydrogen 

environment for three months. However, when the specimens are soaked for nine months, 

the alterations in the fatigue properties become statistically significant even when the 

change in the endurance limit is just about 1%. 

Likewise, by validating the lack of significance in mean stress levels considered during 

testing, the curves derived from welded steel can be examined for statistical relevance 

around the mean stress. Initially, specimens charged and cured for 9 months were deemed 

statistically significant due to the influence of the intercept. However, upon confirming 

statistical insignificance in the means of the tested stress levels and concentrating solely on 

the mean stresses, it is observed that the test statistic returns a negative value, indicating 

that the two data sets are statistically insignificant. Therefore, it is concluded that the data 

sets from uncharged welded steel specimens and specimens soaked in a hydrogen 

environment for 9 months lack statistical significance. 
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Table 6-6 Summary of statistical analysis for the fatigue data sets from uncharged and 

charged specimens of welded steel cured for 3 months and 9 months, at a confidence 

level of 95% 

Source of data 

sets compared 

𝜎0,𝑢𝑛𝑐ℎ. 

𝜎0,𝑥𝑚 

[MPa] 

% 

∆𝝈𝟎 

Variance 

test (𝜷 =
𝟏. 𝟕%) 

Slope 

test 

(𝜷 =
𝟏. 𝟕%) 

Intercept 

test (𝜷 =
𝟏. 𝟕%) 

Conclusion 

(∑ 𝜷 ≅ 𝟓%) 

WS_uncharged 

and S_3m 

227.38 

168.23 

-26 -3.67 -14.05 -0.19 Insignificant 

WS_uncharged 

and S_9m 

227.38 

224.26 

-1 -3.18 -37.77 0.14 Significant 

 

𝜎0,𝑢𝑛𝑐ℎ* the endurance limit of uncharged specimens 

𝜎0,𝑥𝑚** the endurance limit of charged specimens cured for x months  

 To bolster this conclusion, the drop in the endurance limit in this case is only 1%. Figure 

6-19 summarises the scatter band generated from the data sets obtained from welded steel 

specimens. A detailed discussion of these results will be provided in the next chapter. 

 

a) b) 

Figure 6-19 Significance S-N curves for welded steel. a) scatter bands and significance 

for uncharged and charged for 3 months and b) scatter bands and significance for 

uncharged and charged for 9 months 

Having established that certain data sets from welded steel specimens exhibit statistical 

significance in particular specimens soaked for three months, while specimens charged for 

nine months show statistical insignificance, the next inquiry is whether these datasets can 

neatly align within a very conservative scatter band generated at a 99.9% probability and a 

95% confidence interval. To address this, a scatter band at a 99.9% probability of survival 

is created for uncharged specimens, and the data sets from soaked specimens are visually 
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fitted into this scatter band. If the data points from charged specimens seamlessly integrate 

into this scatter band, it can be inferred that, from an engineering standpoint, there is no 

apparent alteration in the fatigue datasets due to hydrogen charging from welded steel. This 

conclusion should be valid because, when using these data sets for design, as appropriate 

design factor considerations for surface finish, surface treatment, loading conditions, 

environment, and temperature are applied to the design curve, along with a further safety 

factor. The design under such considerations would be safe. The superimposed datasets for 

welded steel are depicted in Figure 6-20. 

 

Figure 6-20 Superposed welded steel data sets into 99.9% probability of 

survival of uncharged specimens. 

 

Based on the graph above, it is evident that all the datasets from welded steel, subjected to 

hydrogen soaking for various durations, seamlessly align within a single, conservative 

scatter band derived from unsoaked specimens, generated at a 99.9% probability of 

survival. 

6.4 Fatigue Characterization of GCI 

The GCI specimens included in this investigation followed the same protocols as the 

previous specimens, undergoing hydrogen soaking for both three months and nine months. 

Overall, fifteen plain specimens were left uncharged and tested, while nine specimens each 

were hydrogen-charged for three months and nine months. The raw data from these 

specimens has been reported alongside the other results in the experiments and raw data 

chapter.  

According to Ref [13], GCI pipelines are prone to corrosion and other damaging factors 

leading to pipe degradation. The degradation of pipes reflects common external damage 
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experienced by both cast and ductile iron pipelines. In the context of GCI pipelines, this 

damage might be less apparent due to a phenomenon known as "graphitization." This term 

describes the network of graphite flakes that remain within an iron pipe after corrosion-

induced leaching [40]. The GCI used in this research was ex-service  GCI (spun cast) [15] 

which would have experienced similar degrees of degradation. Similarly, this research was 

setting off to examine the fatigue properties of the ex-service GCI due to hydrogen 

exposure in natural gas. Cast iron is a brittle material and is known to fracture without 

significant deformation (strain) when subjected to stress. Due to this brittleness of the 

material, there was no observable narrowing (necking) of the fatigue-failed specimens. The 

observations of the fracture surface accurately reflected the dimensions of the specimens 

before testing as seen with pictures of the fracture surfaces (see experiment and results 

chapter). 

6.4.1 The mean curve and parabolic scatter band for GCI 

The fatigue strength of GCI is observed to be influenced by various factors and properties, 

predominantly associated with its microstructure. These factors encompass the shape, size, 

and distribution of graphite, along with the microstructural properties of the matrix, 

whether it is ferritic or ferritic perlite. Additionally, the distribution of defects such as 

cavities, porosities, and inclusions play a significant role in the fatigue strength of  GCI 

[15,41–43]. This was characteristic of the GCI used in this research. The fatigue properties 

summarised in Table 6-7 show the fatigue properties of GCI that were used in this PhD 

research by plain testing GCI specimens, some of which are hydrogen-charged at a pressure 

of 8-10 bars for three and nine months. It also contains the design scatter bands generated 

at a 95% probability of survival using the standardized approaches considered in this 

research. There were fifteen uncharged plain specimens, while nine specimens were each 

hydrogen soaked for three and nine months.  

Table 6-7 Summary of fatigue properties of welded steel (𝑅 = 0.1) frequency of 10Hz  

 

Specimen ID 

Fatigue results 

n s k R Co r 𝜎0 

[MPa)] 

𝜏𝜎 

(ASTM) 

𝜏𝜎 

(IIW) 

𝜏𝜎 

(LRM) 

CI_uncharged 15 0.36 8.9 0.1 19.81 0.85 32.7 1.76 1.56 1.64 

CI_3m 9 0.35 9.56 0.1 21.18 0.84 36.0 1.73 1.49 1.61 

CI_9m 9 0.26 17.19 0.1 34.32 0.96 42.7 1.25 1.18 1.22 
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The correlation coefficients obtained from the data sets of cast iron specimens were above 

0.84, close to unity and indicate a strong correlation between the assumed distribution of 

fatigue life and the stress levels tested for this material. The graphical representation of 

scatter band and fatigue properties generated using the various approaches in this research 

are summarized in Figure 6-21. The graphs were plotted in a semi-log scale to illustrate all 

the stress amplitudes. What follows is a description of how these fatigue properties changed 

as the soaking time in hydrogen increased. 

 
a) 

 
b) 

 
c) 

 

Figure 6-21 Mean S-N curves and parabolic scatter bands of GCI fatigue data sets a) 

plain uncharged, b) plain hydrogen-charged for 3 months and c) plain hydrogen 

charged for 9 months. 

6.4.2 Size of scatter bands of GCI 

As the soaking increased to nine months the trend in the scatter bands generated by the 

various approaches decreased. The approach suggested by the ASTM decreased by 29%, 

while the IIW and LRM reduced by 24% and 26% respectively.  The trend in the change 

in scatter bands as the soaking time increased is summarised in Figure 6-23. As has been 

confirmed in the methodology chapter, the size of the scatter band generated from the 

ASTM approach is always more conservative while the approach is tied to its distinctive 

microstructure. The randomness of graphite flakes distribution within a ferritic or pearlitic 
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matrix plays a crucial role, with variations in the size, shape, and distribution of these 

graphite flakes impacting the fatigue strength. More so, casting variables, such as cooling 

rates, solidification conditions, and the overall casting process, introduce variability in 

microstructural features, thereby influencing its fatigue properties. Casting quality, 

including the presence of inclusions and surface irregularities, contributes to scatter. Alloy 

composition, although generally limited in GCI, may still influence mechanical properties 

and fatigue behaviour. The loading conditions adopted during fatigue testing, coupled with 

the influence of surface conditions and potential defects, potentially contribute to the 

observed scatter in fatigue data for GCI. Careful consideration of these factors in 

experimental design is essential for accurate interpretation and reliable fatigue assessments 

for GCI.by the IIW is the least. In analysing fatigue behaviour in GCI, key factors 

influencing scatter in fatigue data are  

 

 
a) 

 
b) 

 
c) 

 

Figure 6-22 Parallel scatter bands (𝜏𝜎) used for design purposes at a 95% probability of 

survival for GCI a) plain uncharged, b) plain hydrogen-charged for 3 months and c) plain 

hydrogen-charged for 9 months 
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Similar to the steel materials, the parallel scatter bands 𝜏𝜎 constructed from the parabolic 

scatter bands by considering the perpendicular bisectors at the mean point of the curves is 

summarized in Figure 6-22. The scatter bands were generated using the standardised 

approaches at a 95% probability of survival. These scatter bands are observed to be fairly 

consistent and reduce in size as the curing duration increases. This change in scatter bands 

is illustrated in Figure 6-23. The narrowing of the scatter band may imply that the influence 

of hydrogen charging on fatigue behaviour becomes less pronounced with longer curing 

times. 

Table 6-7 summarizes the fatigue properties from data sets obtained by plain testing GCI 

specimens, some of which are hydrogen-charged at a pressure of 8-10 bars. It also contains 

the design scatter bands generated at a 95% probability of survival using the standardized 

approaches considered in this research, and these scatter bands almost approximate to unity. 

 
Figure 6-23 The trend of decreasing scatter band with increasing soaking 

time 

6.4.3 Change in inverse slope of GCI. 

Unlike the other specimens examined in this research, the inverse slope of the data from 

GCI specimens was observed to increase as the curing time extended from three to nine 

months. The values of k changed through 8.9, 9.56 to 17.19 respectively. This implied that 

the fatigue resistance of this material will also increase slightly as a result of hydrogen 

charging. The trend in the inverse slope for GCI is summarised in Figure 6-24. 

According to Ref. [44] the fatigue strength exponent of these metals ranges from -0.05 to 

0.1, corresponding to inverse slope ranges of 20 to 10. The values of the inverse slope 

generated from the ex-service GCI used in this research were within the expected range. 
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Figure 6-24 The trend of the inverse slope with increasing soaking time of 

GCI 

6.4.4 Change in the spread of GCI specimen 

The spread in the fatigue data for GCI depends on external factors, as well as the stress 

amplitude considered during testing and internal microstructural parameters. The 

microstructural parameters include the graphite content and length, as well as the stress 

concentration factors at its tip [45]. In addition, the fatigue life is usually dominated either 

by crack growth along shear planes or along tensile planes [46,47]. Then the crack is shear 

or tensile dominant. The fatigue growth observed in the GCI specimens was seen to be 

shear-resistant mode 1 cracks [48]. GCI momentarily become resistant to mode 1 crack 

initiation when exposed to hydrogen. However, they become very brittle with no significant 

plastic deformation before failure, leading to a substantial reduction in the crack 

propagation regime. Because of this shear resistance, the material tends to show an increase 

in its fracture toughness. Some of the failed specimen’s fracture surfaces have already been 

reported in the experimental set-up and raw data chapter. The trend in the spread of fatigue 

data is represented in Figure 6-25 below.  

 
Figure 6-25 The trend of spread with increasing soaking time of GCI 



                                                  Chapter 6 Fatigue Results and Statistical Significance 

261 
 

The spread reduces as the soaking time increases to nine months. This indicates that the 

fatigue property of the GCI was more highly dispersive when uncharged than when 

charged. This could be as a result of a reduction in fatigue strength as soaking increases, or 

simply down to material discontinuity. However, the percentage change in the spread of 

the fatigue data sets was small suggesting that the fatigue properties were impacted to the 

same extent by the determining factors of scatter. 

6.4.5 Change in the intercept of GCI fatigue data 

The fatigue strength coefficient can be assumed to be equal to the true fracture strength of 

GCI [44], although this can be influenced by discontinuities at the free carbon flakes. In 

this research, the fatigue strength coefficient was observed to increase with the soaking 

time of the specimens. This is possibly a result of an increase in the fatigue ductility 

coefficient or cyclic hardening [49]. Figure 6-26 shows the trend in the fatigue strength 

coefficient as the soaking time increased for GCI specimens. 

 
Figure 6-26 The trend in the fatigue strength component with increasing 

soaking time of GCI 

6.4.6 Change in the endurance limit of GCI 

As observed in the data sets generated from GCI, the fatigue strength coefficient increased 

which has also been reflected in an increase in the values of the endurance limit estimated 

after two million cycles. The fatigue limit of  GCI lies in the range of 25-35% UTS [50]. 

This is dependent on the chemical composition and metallurgical processing and testing. 

The change in the endurance limit estimated after 2 million cycles is summarised in Figure 

6-27. Its value increases by 30% which is out of the estimated range. 
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Figure 6-27 The trend in the endurance limit of GCI with increasing 

soaking time 

To assess how the endurance limit compares to values in the literature, this research 

compared the endurance limits of various GCIs with those documented in existing 

literature. Given the diverse nature of defects in GCI, particularly in specimens retired from 

use, a normalization process was also employed for the comparison. The summary of this 

normalization is presented in the Table 6-8 below. 

6.4.7 Fatigue properties of GCI from the literature. 

It has been observed that the chemistry, hardness, and overall strength attributes of grey 

cast iron exhibit considerable variation based on factors such as cupola charge, foundry 

practice, and cooling rate. Specifically, the stress versus life properties may differ across 

various sections within a single casting of the same specimen [44]. In used cast iron pipes, 

significant deterioration due to corrosion is observed while in pipes from some types of 

cast iron with strength below 200MPa, the effects of reducing fatigue resistance by the 

discontinuities in them are limited [47]. Table 6-8 summarizes some datasets from the 

literature for GCI. The inverse slopes of these datasets all fall below 20, as suggested by 

the literature. The specimens tested under fully reversed loads are observed to have a higher 

fatigue strength compared to those in tension. The mean effect has an impact on the fatigue 

properties. In all, the fatigue ratios generated from this investigation fall within the range 

of those reported in the literature. The observed discrepancies are primarily attributed to 

the level of degradation in the ex-service pipe samples used in this research and the material 

variability in chemistry and physical properties. This deterministic approach aligns with 

references [44,47], which suggests that no two GCI datasets will have identical fatigue 

properties due to the explained factors. 
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Table 6-8 Normalised endurance limit and fatigue properties of GCI from literature in 

comparison to measured fatigue properties of GCI in this research 

Source Material type 

GCI 

Years in 

use 
𝜎𝑈𝑇𝑆 

[MPa] 

k R 𝜎0 

[MPa] 

𝜎0,50%
𝜎𝑈𝑇𝑆

⁄  

[48] Spun cast - 203 10.5 0.1 53.9 0.26 

[51] As cast Industrial  225 4.29 -1 60.00 0.26 

[48] Spun cast - 203 11.5 -1 85.8 0.44 

[44] Sample 1 - 262 9.6 -1 95.3 0.36 

[44] Sample 2 - 145 8.3 -1 78.7 0.54 

[47]pipe1 Pit-cast In-service 104 12.9 0.1 24.2 0.23 

[47]pipe3 Spun cast In-service 173 17.5 0.1 47.6 0.28 

[47]pipe5 Spun cast In-service 214 16.0 0.1 55.1 0.26 

Present 

research 

Spun cast Ex-service 268 8.92 0.1 32.7 0.12 

 

 

6.4.8 Statistical significance of fatigue properties in GCI 

After investigating the fatigue properties of GCI and comparing the results to results from 

the literature, this section aims to determine whether the fatigue properties exhibited in 

specimens soaked in hydrogen are significant or simply as a result of randomness in the 

material characteristics. The data summarised in Table 6-9 presents the results of the 

significance tests generated from GCI data sets. It indicates that the charged specimens 

cured for three months are statistically insignificant, whereas significance is observed when 

the specimens are cured for nine months. Unlike the other materials, it's noteworthy that 

the endurance limit in GCI specimens tends to increase with the introduction of hydrogen.  

Table 6-9 Statistical analysis for the fatigue data sets from uncharged and charged GCI 

specimens, cured for 3 and 9 months, at a confidence level of 95% 

Source of 

data sets 

compared. 

𝜎0,𝑢𝑛𝑐ℎ. 

𝜎0,𝑥𝑚 

[MPa] 

% 

∆𝝈𝟎 

Variance 

test (𝜷 =
𝟏. 𝟕%) 

Slope 

test (𝜷 =
𝟏. 𝟕%) 

Intercept 

test (𝜷 =
𝟏. 𝟕%) 

Conclusion 

(∑ 𝜷 ≅
𝟓%) 

CI_ 

uncharged 

and CI_3m 

32.72 

36.01 

 

+10 -4.11 -7.08 -0.17 Insignificant 

CI_ 

uncharged 

and CI_9m 

32.72 

42.67 

+30 -3.15 0.82 -0.34 Significant 

 

 

There is no apparent change in the fatigue property with an increase of up to 10% in the 

endurance limit, as revealed by this result. For GCI specimens that were charged and cured 

for 9 months, the endurance limit changed by up to 30%, and statistical analyses indicate 
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that the data sets are significant when compared with those from uncharged specimens. 

Figure 6-28 shows the graphical representation of this analysis at a significance level of 

5%. This result will also be reviewed in detail in the next chapter. 

a) b) 

Figure 6-28 Significance curves of; a) uncharged specimens of GCI and charged 

specimens for 3 months and b) uncharged specimens of GCI and charged specimens for 

9 months 

Likewise, the datasets from soaked GCI can be visually examined to determine if they can 

seamlessly integrate into a conservative scatter band of the uncharged specimens. This is 

depicted in Figure 6-29 below. 

 

 
Figure 6-29 Superposed GCI data sets into 99.9% probability of survival 

of uncharged specimens 

The datasets derived from hydrogen-soaked specimens of cast iron are observed to align 

smoothly within a 99.9% conservative scatter band of uncharged specimens. From a visual 

engineering perspective, it can be inferred that the datasets exhibit no discernible difference 

in fatigue properties due to hydrogen charging.
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While there has been a noted change in some of the fatigue properties of GCI, it is reported 

in the literature that the fatigue properties of this material tend to vary due to a variety of 

reasons. It has been observed that the datasets from all charged specimens can be designed 

using a design curve from uncharged specimens. Thus, to some degree, it can be stated that 

there is no significant change in the fatigue properties of cast iron when exposed to a 

hydrogen environment at 8 – 10 bars of hydrogen. 

6.5 Fatigue characterisation of brass 

Copper-based alloys possess somewhat lower mechanical properties due to their relatively 

larger grain size and elastic anisotropy. Brass is a generic term for copper-zinc alloys and 

in addition also exhibits diverse mechanical, corrosion, and thermal properties depending 

on the specific proportions in which it is alloyed with zinc [52]. In this PhD research 

investigation, the brass used was a zinc rich alloy [15]. A total of fifteen brass specimens 

were used in this investigation, amongst which five plain specimens were uncharged and 

ten specimens were hydrogen-charged for nine months. The raw data generated from these 

specimens has been reported previously in the experimental set-up and raw data chapter. 

6.5.1 The mean curve, parabolic and parallel design curves for brass 

The failure of the brass specimens was purely brittle in nature, without the formation of 

lateral deformation which is in conformity with the literature [53]. Table 6-10 summarizes 

the fatigue properties of brass generated in this PhD investigation, which contains the 

various sample sets, standard deviations, inverse slopes, and endurance limits. It also 

contains the sizes of the scatter bands generated at a 95% probability of survival using the 

standardized approaches described in this PhD research. Figure 6-30 a & c show the 

associated parabolic scatter bands as suggested by these approaches. In a similar way, the 

mean points (𝑙𝑜𝑔𝜎𝑖
̅̅ ̅̅ ̅̅ ̅, 𝑙𝑜𝑔𝑁𝑓,𝑖

̅̅ ̅̅ ̅̅ ̅̅ ̅) of these curves do not align, despite a minimal percentage 

difference in the direction of life. Consequently, this point cannot be regarded as a fixed 

reference for observing changes in the S-N curves due to hydrogen charging. These graphs 

will be analysed by comparing each of the fatigue properties of spread, slope, intercept, 

endurance limit and size of scatter bands represented by these curves. 

The correlation coefficients for brass, measuring 0.88 and 0.91, respectively, denote a 

robust correlation between the distribution of fatigue life and the stress levels examined 

during testing in this investigation. There is a clear pattern evident from the data points of 

these specimens.
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Table 6-10 Summary of fatigue properties of brass in tension (R=0.1), at a frequency of 

10Hz for hydrogen charged over 9 months and uncharged plain specimens 

 

Specimen ID 

Fatigue results 

n s K R Co r 𝜎0 

[MPa] 

𝜏𝜎 

(ASTM) 

𝜏𝜎 

(IIW) 

𝜏𝜎 

(LRM) 

Br_uncharged 5 1.37 40.10 0.1 92.44 0.88 140.6 1.91 1.54 1.63 

Br_9m 10 0.51 29.80 0.1 69.57 0.91 132.7 1.41 1.29 1.35 
 

 

 
a) 

 
b) 

Figure 6-30 Mean S-N curve and parabolic scatter band for a) uncharged brass and b) 9 

months charged brass  

6.5.2 The size of the scatter band of brass 

The scatter band of brass diminished in size as specimens underwent a nine-month soaking 

in hydrogen. The reliability of the data was enhanced by using ten specimens for the 

extended soaking period compared to only five uncharged specimens. The data obtained 

from the nine-month soaking provides a more representative and reliable representation 

compared to the limited data points from the uncharged specimens. The approach suggested 

by the ASTM was more conservative as compared with the IIW and LRM approaches as 

observed. The sizes were all less than 2 in both cases as illustrated in Figure 6-31 and these 

scatter bands tend to unity stipulating that the design curves agree. 

 From the notes that were written after running the first two tests with uncharged specimens, 

it was observed that the stress amplitude used in these tests was high. This high stress 

amplitude induced significant microstructural changes which included the formation of 

dislocations and grain boundary deformation resulting in a shortened fatigue life due to 

accelerated damage accumulation [54]. A brittle fracture was observed characterised by 

minimal plastic deformation before failure. The issue with this therefore is that it becomes 

erroneous to estimate the endurance limit from such data, strain-controlled tests illustrate 
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the fatigue behaviour much better. However, not considering these values in the analysis 

also impacts the estimation of the fatigue properties. This research will include these data 

points in the analysis of the fatigue properties of brass in this PhD research.  

 

Figure 6-31 The trend in the scatter band for brass with hydrogen soaking time 

6.5.3 The change in the inverse slope of brass 

The inverse slopes derived from brass were 40.10 for uncharged specimens and 29.80 for 

specimens soaked for nine months. Consequently, the mean curve becomes steeper, 

indicating a rapid reduction in fatigue strength. However, these values are notably higher 

when compared with the literature data summarized in Table 6-11. The trend in the change 

of the inverse slope is depicted in Figure 6-32 

 

Figure 6-32 The trend in the inverse slope of brass specimens 

The elevated value of the inverse slope can be attributed to various factors, one of which is 

the size effect stemming from the smaller dimensions of the specimens used in this research 

compared to those reported in the literature [55,56]. The considerable discrepancy in 

specimen size offers a plausible explanation for the notably high inverse slope observed. 

Moreover, the grain size plays a role in influencing the fatigue strength exponent for copper 
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alloys [5,57,58]. Stress levels associated with fatigue lives less than 103 are assigned to low 

cycle fatigue tests. For ultra-fine grain copper and copper-zinc (brass) alloys, this 

contributes to the rapid softening due to grain coarsening, leading to localized shear bands 

and eventual instant fracture [5,59]. This sudden fracture was observed during the testing 

of some of the specimens at higher stress amplitudes. 

6.5.4 Change in the spread of brass data  

Similar to the fatigue property described above the spread of the fatigue data was 

particularly higher for uncharged specimens recording a very high standard deviation of 

1.37. This suggests that the individual fatigue strength measurements deviate widely from 

the average or mean fatigue strength. This variability suggests that there were considerable 

differences among the fatigue properties of individual specimens. The effect of rapid 

softening must have contributed to the variability of this data set. After nine months of 

soaking in a hydrogen environment, the spread of the data converges to a value similar to 

those observed in the literature. The change in the spread is also summarised in Figure 6-33. 

 

Figure 6-33 The trend in the spread for brass data sets with hydrogen soaking 

time 

6.5.5 Change in the intercept of brass data sets 

As noted earlier, the fatigue strength coefficient for brass can vary depending on the 

specific alloy composition, heat treatment, and other material factors. In addition, the 

fatigue strength coefficient indicates the resistance to variations in applied tension and is 

identified as the vertical intercept of the mean S-N curve. The vertical intercept of the 

datasets for brass reduced when the specimens were subjected to nine months of charging 

and was observed to be lower compared to uncharged specimens. Clearly, a lower fatigue 

strength coefficient of the Cu-Zn alloy signifies a reduced fatigue strength [4,5]. This 
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indicates that the fatigue strength of brass diminished when the brass specimens underwent 

nine months of charging. The change in the intercept is summarized in Figure 6-34. 

 

Figure 6-34 The trend in the fatigue strength coefficient for brass data sets with 

hydrogen soaking time 

6.5.6 Change in the endurance limit of brass 

The fatigue properties summarised in Table 6-11 show that the endurance limit of brass at 

2 million cycles was 140.58MPa when uncharged as compared to 132.70MPa when soaked 

in a hydrogen environment for nine months. This is a slight reduction in the endurance 

limit, but it is left to be seen what typical values of the endurance limit are in the literature. 

Its endurance limit is estimated to around 40% of the ultimate tensile strength. 

 

Figure 6-35 The trend in the endurance limit for brass data sets with 

hydrogen soaking time 

Because only two different conditions of brass specimens were used in this investigation, 

it is difficult to say if the change in the endurance limit characteristics shown by the 

analyses is due to chance or as a result of the conditions tested.  
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6.5.7 Fatigue properties of brass from the literature 

 Table 6-11 summarizes selected fatigue properties of brass gathered from the literature. It 

is noted that the normalized endurance limit of uncharged brass, as considered in this 

research, aligns closely with some of the values reported in other studies. The observed 

slight differences can be attributed once more to variations in geometry and size, 

introducing a scale factor that influences the fatigue properties of brass.  

Table 6-11 The fatigue properties of brass from literature 

Source Material 

type  

Area 

[mm2] 

Temper 𝜎𝑈𝑇𝑆 

[MPa] 

k R 𝜎0 

[MPa] 

𝜎0,50%
𝜎𝑈𝑇𝑆

⁄  

[60] CuZn37   366 24.37 -1 197 0.53 

[5] Cu-5 

%Zn 

12 8000C 229 10.41  75 0.32 

[5] Cu-5 

%Zn 

12 8000C 350 8.26  90 0.26 

[5] Cu-5 

%Zn 

12 8000C 433 7.52  140 0.32 

[5] Cu-11 

%Zn 

20 8000C 245 14.01  120 0.49 

[5] Cu-11 

%Zn 

20 8000C 545 8.20  160 0.29 

[5] Cu-11 

%Zn 

20 8000C 614 8.13  180 0.29 

[61] C26000, 

brass 

 HO1 421 - -1 120 0.29 

[61] C26000, 

brass 

 HO2 476 - -1 155 0.32 

[61] C26000, 

brass 

 HO4 572 - -1 170 0.30 

[61] C26000, 

brass 

 HO8 676 - -1 190 0.28 

[62] Used 

alloy 

 - 297 8.48 -1 124 0.42 

[63] Brass 

alloy 

 - 594 23.64 + 321 0.54 

Br_uncharged Cu-Zn 9.31 - 252 40.10 0.10 141 0.56 

 

 

6.5.8 Statistical significance of fatigue properties in brass data  

Table 6-12 displays the results of the statistical significance analysis for brass specimens. 

These results indicate that the impact of 20% hydrogen embrittlement on brass specimens, 

even when cured for nine months, is not statistically significant at a 5% significance level, 

even when there is an endurance limit reduced by 6%. The scatter band is also visualized 

in Figure 6-36. Thus, it can be concluded that there was no noticeable change in the fatigue 
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properties of brass when soaked in hydrogen for nine months as compared to uncharged 

specimens. 

Table 6-12 Statistical analysis for the fatigue data sets from uncharged and charged 

specimens of brass cured 9 months, at a confidence level of 95% 

Source of 

data sets 

compared. 

𝜎0,𝑢𝑛𝑐ℎ. 

𝜎0,𝑥𝑚 

[MPa] 

% 

∆𝝈𝟎 

Variance 

test (𝜷 =
𝟏. 𝟕%) 

Slope test 

(𝜷 =
𝟏. 𝟕%) 

Intercept 

test (𝜷 =
𝟏. 𝟕%) 

Conclusion 

(∑ 𝜷 ≅ 𝟓%) 

Br_ 

uncharged 

and CI_9m 

140.58 

132.71 

-6 -3.55 -20.20  -1.30  Insignificant 

 

 

 

 

Figure 6-36 Significance curve for charged and uncharged specimens of brass 

Similarly, in the case of brass, the data set from specimens charged for nine months 

seamlessly fits into the conservative scatter band with a 99.9% probability of survival for 

uncharged brass specimens. Therefore, using visual judgment of overlapping scatter bands, 

it is evident that a single design curve can effectively be employed to design for these data 

sets from brass. Furthermore, the datasets have been determined to be statistically 

insignificant. The superposed datasets are summarized in Figure 6-37. 

One noticeable effect is the discrepancy in the sizes of the scatter bands generated from 

these datasets. They do not seem to agree and differ significantly. This discrepancy is likely 

a result of the specimens that were tested at very high stress amplitudes which demonstrated 

a high level of variability in the data.
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Figure 6-37 Superposed brass data sets into 99.9% probability of survival of uncharged 

specimens 

6.6 Comment and Conclusion 

Given the limited number of specimens used in the fatigue experiments at each stress level 

due to cost constraints, it becomes essential to establish a threshold value for the correlation 

coefficient (r) across various sample sizes and confidence levels. This involves determining 

a threshold value (𝑟𝑎) for correlation, which is computed using a statistical test defined as 

follows: 

𝑡(𝑛−2) =
𝑟√(𝑛 − 2)

√1 − 𝑟2
⁄  (6-3) 

In which 𝑡(𝑛−2) is the student distribution with 𝑛 − 2 degrees of freedom. The threshold 

value 𝑟𝑎, is then determined at a given confidence level 𝛽. The test will pass if the calculated 

value of r is bigger than the threshold value 𝑟𝑎. 

𝑟𝑎 =
𝑡𝛽(𝑛−2)

√(𝑛 − 2) + 𝑡2
𝛽(𝑛−2)

 
(6-4) 

Given also the variability in the number of specimens for each metal available in this 

investigation, establishing a threshold correlation coefficient posed a challenging task. 

Therefore, data sets were not rejected based solely on their correlation coefficients. 

Nonetheless, it is essential to consider this aspect when utilizing the data sets for design 

purposes in subsequent works, as it provides valuable insight into the reliability and 

consistency of the results. 
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In conclusion, this chapter presented aa exploration of the fatigue properties of uncharged 

and charged specimens. By utilizing standard post-processing methodologies, it estimated 

the sizes of the scatter bands, data spread, inverse slope (fatigue strength exponent), vertical 

intercept (or the fatigue strength coefficient), and the endurance limits extracted from 

experimental data sets for each metal considered in this research. The fatigue properties of 

these materials were then compared with data from the literature. While some disparities 

existed in the literature data sets, these were suggested to arise from a variety of factors 

which include size and scale effects, as well as the length of time in service for ex-service 

specimens. Some would have arisen because of the loading condition which the 

experimenter failed to spot at the time of testing. Like in the welded steel specimens, the 

unique microstructure of each weld influences its fatigue properties in addition to whether 

the specimens were extracted from larger or smaller ex-service pipelines. 

Following the results of the fatigue properties of the pipeline materials, statistical 

significance approaches were employed to determine whether the differences observed in 

the fatigue properties between uncharged samples and those soaked in hydrogen for varying 

durations were significant or insignificant. In cases of significance, it was concluded that 

there was a notable change in the fatigue properties of the metal because of HE, and not 

associated with some form of randomness. In instances where the statistical tests indicated 

preserved statistical insignificance, the conclusion that the soaking of the specimens in 

hydrogen had little or no effect on the fatigue properties was made.  

While the statistical significance test method proved effective in detecting subtle changes 

in the experimental data sets, a challenge emerged in determining the meaningful level of 

significance for these changes, especially when monitoring the percentage change in the 

considered fatigue properties. Nevertheless, this approach consistently adhered to a well-

defined level of significance, ensuring effective and consistent analyses of the potential 

impacts of hydrogen embrittlement on the researched materials.  

In the next chapter, a detailed discussion on the implications of the observed changes from 

the gathered data will be compared with data from the literature to bring out the similarities 

and differences. This analysis will be conducted in alignment with some industry practices, 

drawing insights from established methodologies. Theoretical perspectives on fatigue will 

also be employed to provide a comprehensive understanding of the implications of the 

identified alterations in fatigue properties. Through this synthesis of practical industry 
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approaches and theoretical insights, a more comprehensive interpretation of the observed 

changes will be achieved, contributing to the broader understanding of the impact of 

hydrogen charging or other factors on the fatigue properties of these ex-service metals.  
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7 Discussion of fatigue results  

7.1 Introduction 

To understand the effects of hydrogen embrittlement on fatigue properties, this chapter 

delves into a comprehensive discussion of the results obtained in this research by testing 

specimens soaked in natural gas blended with 20% hydrogen compared to the existing 

knowledge in this domain. In this project, fatigue test data have been diligently generated, 

providing valuable insights into the behaviour of materials under the influence of hydrogen 

embrittlement. However, understanding the significance of these results requires 

meticulous further analysis. Statistical significance tests have been employed to 

systematically analyze, using significance levels, and ascertain whether the observed 

changes in the fatigue properties, particularly the endurance limits, carry statistical 

significance. Statistical rigour is essential for drawing meaningful conclusions in this 

research. 
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This chapter does not merely stop at presenting empirical results. It takes a step further by 

integrating the findings with established theories from existing literature. It is a synthesis 

of practical results and theoretical underpinnings. Observations from industry practices will 

also be included, providing a real-world context to this research. Therefore, the core of this 

chapter revolves around an analytical exploration of the experimental observations and 

theories, as well as a judicious assessment of the data in conjunction with well-established 

principles, supplemented by personal judgment. 

To ensure clarity and organization, this chapter is structured in a way that addresses each 

material separately. For each principle and practice being considered, it will be applied to 

each of the materials involved in this research. 

7.2 Fatigue properties of pipeline materials in a hydrogen environment 

In this section, the existing knowledge explored in the literature will be reviewed, including 

a comparative analysis of the fatigue properties of each of the pipeline materials used in 

this research in hydrogen environments. The similarities, differences, and possible reasons 

for observed trends will be highlighted. 

7.2.1 Hydrogen embrittlement as observed in X52 pipeline steel  

The intricate microstructures within steel play a pivotal role in dictating its hydrogen 

permeation characteristics. By subjecting the steel to diverse heat treatments, a variety of 

microstructures emerge which influence the amount of hydrogen and the HE effects on the 

material. Hydrogen atoms are introduced into pipeline steel material by two principal 

methods, electrochemical cathodic hydrogen charging [1,2] or gaseous hydrogen charging 

[3]. High-strength materials are more susceptible to hydrogen embrittlement due to their 

fine-grained structure. The smaller grain size increases the number of grain boundaries and 

defects, providing more sites for hydrogen atoms to be trapped within the material's 

structure [4]. Among these grains are hydrogen traps: physical sites like defects and 

structural inhomogeneities such as dislocations, particles, inclusions, and grain boundaries, 

where hydrogen localizes and prevents further movement to cause destruction in the 

material [5,6]. These traps enhance the likelihood of hydrogen accumulation, which can 

greatly influence embrittlement under stress.  

It has been shown that the susceptibility of X52 pipeline steel material to HE increases with 

longer hydrogen charging times [3]. This explains the observed reduction in the fatigue 

properties of X52 steel when exposed to prolonged periods in a hydrogen environment. In 
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this research, as the duration of exposure to the hydrogen environment increased, it is 

hypothesized that the amount of hydrogen absorbed also increased (using Sievert’s law), 

making the specimens more susceptible to HE. According to previous research, the 

microstructure of X52 pipeline steel is illustrated in Figure 7-1 consisting of ferrite and 

pearlite phases. 

 

Figure 7-1 Metallography images of X52 pipeline steel in the a) transverse 

direction. B) transverse-normal direction planes, c) rolling-normal 

direction planes, and d) image position diagram [3] 

Meanwhile, the distinct transitions in crack growth rate for X52 steel in high-purity 

hydrogen gas have been linked to changes in fracture surface characteristics [3]. As 

accelerated crack growth begins, this leads to a hydrogen-induced ductility loss in the 

ferritic or ferritic–pearlitic steels [7–9], for which the fracture surfaces show facets 

indicative of intergranular crack growth as shown in Figure 7-2. The proportion of 

intergranular facets increased with accelerating crack growth rate regimes. The initially 

predominant intergranular crack growth then transitioned into a trans-granular mode, with 

fracture surfaces showing exclusively trans-granular features representative of hydrogen-

assisted crack growth. This contrasts with the trans-granular features typically seen in crack 

growth occurring in air. 
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a) 

 
b) 

 
c) 

 Figure 7-2 Scanning electron microscope 

fracture surfaces from X52 pipeline steel 

tested at R=0.1and a frequency of 10Hz in 

high purity hydrogen gas. (a) Intergranular 

facets (b)Mixed intergranular and trans-

granular facets at a later stage of hydrogen-

assisted crack growth (c) Predominantly 

trans-granular facets during hydrogen-

assisted crack growth near test termination 

[3] 

The decohesion concept used to describe fatigue failure under hydrogen and applies to 

hydrogen-assisted intergranular crack growth in both low-strength and high-strength 

materials is the model that assumes that the local stress is the driving force behind crack 

growth in the hydrogen environment. This is dependent on the intensity of the stress and 

the volume of the microstructure over the microstructure-related distance involved in this 

failure, a procedure that is likely the predominant embrittlement mechanism in this 

research. 

 

a) 

 

b) 
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d) 

Figure 7-3 Endurance limits and mean curves (solid curve) for each material compared 

with charging times a) steel b) welded steel c) cast iron and d) brass 

With the failed samples, the necking of the specimen was seen which was due to ductile 

failure. Brittle regions were also found on the crack surface and some cracks were 

surrounded by regions containing microvoids as ductile bands. As the charging time 

increased, these features became more noticeable and thus led to an increased susceptibility 

of the materials to HE. These effects were observed in the reduction of the endurance limit 

as the charging time increased, as illustrated in Figure 7-3a. As explained in the results 

chapter, the reduction in the endurance limit did not follow a consistent trend. This could 

be attributed to the inherent variability in the specimens' microstructure which plays a major 

impact on the HE susceptibility as shown in the fatigue data. There is also the possibility 

of the specimens degassing the hydrogen content as the charging time increases as was 

observed in the specimens charged for over 9 months, which is also dependent on the 

microstructure of the steel that plays a crucial role, for which the hydrogen trapping 

behaviours might be different. These all dependent on whether the hydrogen trapping sites 

were weakly trapped hydrogen, which is thought to be in local equilibrium with lattice sites 

whereas hydrogen in strong traps requires a significant amount of energy to be able to 

overcome the energy barrier and diffuse in interstitial sites [10,11]. However, the endurance 

limit for uncharged steel was seen to be reasonable in comparison with steel metals from 

the literature. Therefore, increasing the charging time of these specimens in the hydrogen 

environment decreases the fatigue properties as seen in Refs [3,12,13]. 

7.2.2 Hydrogen embrittlement of X52 welded steel 

There have been extensive studies on hydrogen-induced degradation in steel pipeline 

welds, with significant achievements in areas such as metallurgical microstructure, stress 
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distribution, hydrogen diffusion and trapping, and their interactions at the welds [14,15].  

The hydrogen-induced damage mechanism in the welds of hydrogen-blended natural gas 

pipelines resembles that in the base material. The mechanical properties vary among 

different parts of the circumferential weld (base material, weld, and heat-affected zone), 

and material non-uniformity can impact the stability of the welded structure [16]. As a 

result, welds are particularly vulnerable to hydrogen-induced damage in hydrogen-blended 

natural gas pipelines. Figure 7-4 illustrates the mechanisms of hydrogen-induced damage 

in hydrogen-blended natural gas pipeline welds, including single hydrogen-induced 

damage, damage combined with mechanical stress, damage combined with brittle fracture, 

and damage combined with corrosion. 

 

Figure 7-4 a) welded and HAZ b) single hydrogen damage mechanism c) hydrogen damage 

in addition to mechanical damage d) brittle fracture and hydrogen damage and e) 

mechanism of HE combined with corrosion [16] 

However, the topic of degradation in this field remains highly contested due to the 

microstructural heterogeneity at welds, resulting from complex welding, manufacturing, 

and application processes, that leads to variations in mechanical properties from the weld 

centre to the heat-affected zone (HAZ) and the base metal. Acicular ferrite enhances the 

toughness of high-strength steels due to its fine grains and increased resistance to crack 

propagation. However, coarse grains near the welding pool, which undergo extensive 

heating and become more than five times larger than the grains in the base steel, exhibit the 

lowest toughness due to the grain coarsening effect. Hydrogen is more soluble in austenite, 

making it less susceptible to hydrogen embrittlement. In contrast, microstructures with high 

hardness, such as martensite, have lower solubility for hydrogen but are more prone to 
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hydrogen-induced cracking [4]. The distribution of micro-hardness in the welds is mainly 

determined by the microstructures present. Typically, the fine acicular ferrite in the weld 

metal and bainitic ferrite in high-strength base steels contribute to higher hardness. 

Conversely, the coarse grain structure and soft allotriomorphic ferrite phase in the HAZ are 

responsible for the lower hardness [14,15]. The lowest hardness in the HAZ is located near 

the fusion line. 

The microstructure of the welds primarily consists of ferrite [17], which tends to form a 

crystalline structure where the energy barrier for hydrogen absorption is significantly lower 

than that of high-strength base steels [14,18]. Non-metallic inclusions within the welds act 

as irreversible hydrogen traps, effectively capturing mobile hydrogen within the crystalline 

lattice [11,19]. These inclusions, being harder than the base steel, cause lattice distortion, 

creating stress concentrations that further promote hydrogen permeation. Therefore, the 

unique microstructure, metallurgical defects, and stress distribution for high-strength steel 

pipeline welds result in hydrogen permeation behaviour that differs from that of base steel. 

Due to their small size, hydrogen molecules cannot easily diffuse through bulk metal and 

instead accumulate locally increasing internal pressure. When this internal pressure causes 

local stress to exceed a critical threshold, cracks can initiate. Additionally, hydrogen 

reduces the cohesive force between iron atoms.  

The weld metal exhibits the highest hydrogen permeation rate and sub-surface hydrogen 

concentration, attributed to the extensive presence of fine acicular ferrite [14]. This 

microstructure forms a network of grain boundaries that act as pathways for hydrogen 

permeation [20]. If the welding temperature is too high, the grains of the weld metal will 

grow and become coarse leading to reduced hydrogen permeation. The X52 base steel 

consists of polygonal ferrite and some pearlite, while the X52 steel weld contains polygonal 

ferrite, carbide particles, and acicular ferrite [4,14,15]. As mentioned earlier, the randomly 

distributed carbide particles reduce hydrogen diffusion, resulting in lower hydrogen 

diffusivity in both low- and high-strength steel welds compared to the base steels. This 

suggests that the welded steel in this study would be stronger than the base metal. As 

demonstrated in the results chapter, this is supported by the fatigue data, as the endurance 

limit for welded X52 steel was slightly greater than that of the X52 base steel.  

For welded steel in this research, necking is seen, and the fracture surface shows both brittle 

and ductile regions with large cracks. Some cracks were quite visible even with normal eye 
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inspection which accounts for the increased spread in the fatigue data. One of the possible 

reasons for this observation is dependent on the unique microstructure of welds which 

allows for higher hydrogen trapping thereby making them more susceptible to hydrogen 

damage. There is also the possibility that if the welded specimens were extracted from 

smaller pipes, the distribution of these unique microstructures would differ from specimens 

obtained from a larger pipe. Thus, the HE of a weld depends on some key factors like the 

microstructure of the base metal and the heat-affected zone, the welding process and 

parameters like welding temperature, speed and shielding gas quality [21–23]. The 

metallurgical heterogeneity at pipeline welds therefore significantly influences the 

behaviour of hydrogen permeation and diffusion. The factors that affect the microstructure 

and hydrogen permeation were not the focus of this research. However, charging the 

welded specimen over long periods, ensured that a uniform hydrogen distribution of 

hydrogen is achieved in the weld of each specimen.  

It is observed that the endurance limits of hydrogen-charged welded steel were slightly 

higher than that of X52 steel as expected as shown in Figure 7-3b. The HE is taking place 

in the weld would be by HELP and the HEDE mechanisms as stated in the literature due to 

the effect of hydrogen trapping in the various regions of the weld zone.  

While there is still some misunderstanding regarding the impact of the hydrogen source on 

the degradation behaviour of pipeline steels, the reality is that hydrogen atoms from 

gaseous environments, such as high-pressure hydrogen gas pipelines, have different effects 

on the mechanical properties and degradation of pipeline steels. For instance, gaseous 

hydrogen charging does not produce a significant hardening effect on steels compared to 

electrochemical hydrogen charging which drastically hardens the material [14,24]. 

Furthermore, the timing of hydrogen introduction into pipeline welds significantly 

influences hydrogen permeation and the resulting degradation. Quantitative data on the 

effects of metallurgical microstructures in welds on hydrogen permeation is currently 

unavailable. Although the finite element method can simulate hydrogen distribution at 

welds, the input parameters are mostly derived from hydrogen permeation tests under 

controlled conditions. The synergistic effects of microstructure, stress, and hydrogen entry 

are not yet fully understood. These gaps highlight the challenges in understanding and 

controlling hydrogen degradation in X52 pipeline welds. In addition, conventional testing 

techniques struggle to produce convincing results for understanding the mechanisms of 

hydrogen degradation, especially at the atomic scale in welded X52 steel. Due to the 
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complex microstructure of high-strength pipeline steel welds, hydrogen adsorption, 

absorption, diffusion, and trapping at various weld zones have not been fully studied 

individually. However, a complete understanding of the overall hydrogen degradation 

behaviour at the welds remains unclear. 

7.2.3 Hydrogen embrittlement of GCI 

What distinguishes cast irons from steel is their high carbon content. This higher carbon 

level, combined with other alloying elements and solidification conditions, dictates the 

specific form that graphite assumes within grey-cast irons and therefore determines its 

mechanical properties [25,26]. The graphite can accommodate diffused hydrogen thereby 

delaying the embrittlement effect. Figure 7-5 shows a graphite nodule from a nodular cast 

iron sample and the stress-strain curve [26].  Thus, the process of hydrogen-induced 

degradation in cast iron could be more complex than in carbon steels due to the presence 

of graphite which acts as stress concentrator sites as well as hydrogen trap sites. 

 
 

  

Figure 7-5 Graphite nodules a) The general appearance of cracking around a 

nodule, (b) close‐up of cracking at nodule/matrix interface, and (c and d) 

linking between adjacent graphite nodules by brittle cleavage cracking [26] 

The graphite is mostly nodular with an uneven distribution of nodules most likely due to 

the segregation of alloying elements during solidification. As shown in Figure 7-5a, the 

graphite nodules are affected by hydrogen charging, and especially, the graphite 
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nodule/ferrite matrix interfaces exhibit multiple small cracks in the ferrite matrix formed 

under hydrogen charging as seen in Figure 7-5b–d. Due to hydrogen charging and with 

increasing charging time, microcracking at graphite nodule/ferrite matrix interfaces 

becomes dominant and the cracks grow and interconnect forming a series of larger step‐

wise brittle cracks in the cast iron.  

It is expected that the fracture surface of cast iron in air displays typical ductile fracture 

features, characterized by large cavities surrounding the graphite nodules and small dimples 

in the ligaments [26]. However, when exposed to hydrogen under constant load, the 

ligaments between these large cavities exhibit brittle cleavage fracture facets and become 

less ductile [7,27]. This cleavage fracture occurs within the ferrite that lies between the 

graphite nodules, leaving significant cavities in the ferrite matrix where the interface 

between the graphite nodules and the ferrite becomes apparent, displaying a faceted surface 

structure. The average number of graphite nodules on a fracture surface of hydrogen-

charged specimens when compared with uncharged specimens is summarized in Figure 

7-6. 

 

Figure 7-6 Numbers of graphite nodules that appeared in an inspection 

area on the fracture surface in the uncharged and the hydrogen-charged 

specimens [7,27] 

In non-charged specimens, most of the graphite particles merged, resulting in typical 

ductile fracture behaviour. However, in hydrogen-charged specimens, the fracture process 
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included interconnected cracks forming between neighbouring graphite sites as shown in 

Figure 7-7. 

 

Figure 7-7 Two typical fracture processes in the non-charged and the hydrogen-charged 

cast iron specimens [7,27] 

However, for cast iron specimens used in this research and summarized in Figure 7-3c, an 

increasing trend in the endurance limit was noted in the data. One possible explanation for 

this occurrence is the fact that graphite strongly traps hydrogen when held for prolonged 

periods at lower temperatures [28,29], thereby reducing the desorption process. This is also 

dependent on the size, shape, and distribution of the graphite flakes in the cast iron [30] in 

the degraded specimen. A uniform trend was observed in the fatigue properties of cast iron 

and these properties were consistent with the results found in the literature. It would have 

been better if a qualitative analysis of the fracture surfaces was done for fatigue failure 

surfaces. However, this will constitute part of the future works. 

7.2.4 Hydrogen embrittlement of brass 

It has been shown that the brass used in this research had a two-phase /-microstructure, 

pointing towards a more Zn-rich alloy composition [31]. Further analysis revealed darker 
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grains which were rich in copper (> 58%) with zinc only about 35%. The lighter grains 

had a copper content of > 51%  and more zinc of about > 42%. This is a copper rich alloy, 

and the results will be compared with those of copper pipeline material.  

Copper and its alloys generally resist hydrogen attack, but they can become vulnerable if 

they contain copper oxide [32]. The presence of copper oxide provides sites that facilitate 

hydrogen absorption, potentially leading to hydrogen embrittlement or other degradation 

processes. When oxygen-containing copper is heated in the presence of hydrogen or 

hydrogen-rich gases, hydrogen diffuses into the metal and reacts with the copper oxide. 

This reaction forms water, which turns to high-pressure steam at temperatures above 375°C 

(705°F). The steam molecules formed inside copper cannot diffuse through the solid metal 

and consequently force their way outward along the grain boundaries, causing a 

phenomenon known as hydrogen embrittlement [33–35]. The steam generates fissures 

within the metal, reducing its ductility and making it more prone to brittleness. Without 

these oxides, pure copper and its alloys maintain stability and are unaffected by hydrogen 

exposure, even in environments where other metals might suffer from hydrogen-related 

issues. 

It is well known that hydrogen can be stored in a copper material at defects and structural 

inhomogeneities with the binding energies between the traps and hydrogen controlling if 

they contribute to degassing. For instance, the binding energy of an H atom in the copper 

lattice to a vacancy is calculated to be about 0.24eV and the type of trap is quite shallow 

but can bind many hydrogen atoms since 6 hydrogen atoms can be associated with each 

vacancy [6]. In copper, oxygen impurities create vacancies that act as deep traps, which can 

bind hydrogen atoms. This forms a stable trap for dissolved hydrogen, with a binding 

energy of approximately 1.23 eV. Since each hydrogen atom is bound to one oxygen atom, 

the number of these deep traps is directly related to the oxygen content in the copper. This 

binding mechanism involves atomic hydrogen specifically, where the vacancy-oxygen 

combination effectively captures and retains hydrogen, reducing its mobility within the 

copper lattice. 

Electrochemical hydrogen charging of copper leads to a surface layer with increased 

hydrogen content. This layer is often around 50 µm thick, affecting only the outermost 

surface, leaving the bulk of the copper shell's mechanical properties intact [6]. Even with 

extensive charging, the hydrogen penetration depth is limited. In cases with large grain 
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sizes, the layer might extend to around 200 µm, which remains too shallow to compromise 

the structural integrity of the copper shell [36].  

7.3 Fatigue results in conjunction with theories considered for application in the 

industry or described in the literature 

For practical fatigue design purposes, this involves a systematic approach beginning with 

a clear definition of functional requirements and an understanding of the material 

properties. Critical areas and features that may influence the fatigue performance of the 

design product are identified, and the relevant design codes and standards are selected 

based on the industry and regulations. The potential load spectra over time of application 

are determined and the stress-life analysis is performed. Then appropriate safety factors are 

chosen to ensure a conservative approach to the potential unknowns during the lifespan in 

use. Fracture mechanics and probabilistic methods may be integrated for critical 

components. This process is iterative, with adjustments made based on results. 

Documentation and validation are crucial, and a regular inspection and maintenance 

program is implemented for ongoing monitoring and prevention of critical failures. This 

comprehensive approach ensures that fatigue design accounts for uncertainties and 

variations, leading to reliable and durable structures or components. In this section, some 

industry-used approaches are discussed in relation to the results obtained in the PhD 

research. 

7.3.1 Fatigue properties of soaked specimens compared with lower 2-sigma or 3-

sigma design curves of the uncharged scatter band. 

According to the lower 2-sigma or 3-sigma design approach, as described in Refs. [37–40], 

a design curve is created by shifting the mean S-N curve within the stress range downwards 

by 2 or 3 times its standard deviation. The key question here is whether the data generated 

from the hydrogen-soaked specimens falls within or outside of the scatter band generated 

using the 2-sigma or 3-sigma approach. If the data falls within this scatter band, it suggests 

that the design approach is conservative when considering design applications for 20% 

hydrogen-blended natural gas. This, in turn, implies that there is no substantial impact on 

the fatigue properties due to hydrogen embrittlement (HE). 

Consider the design equation defined as [37,38]: 

 log 𝑁𝑓,𝐷 = 𝐶0 + 𝐶1𝑙𝑜𝑔𝜎𝑖 − 𝑝. 𝑠 (7-1) 
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In this equation, log 𝑁𝑓,𝐷 is the log of the design life at a stress level 𝜎𝑖. Here 𝐶0 denotes 

the fatigue strength coefficient, and  𝐶1 represents the inverse slope derived from test data. 

The standard deviation of the fatigue data set is denoted by s, and p takes values of either 

1, 2 or 3 depending on the number of standard deviations the mean curve is shifted for 

design considerations. By using the uncharged specimens for each material in this research, 

the lower bound and the design curve with different values of p (1, 2, 3) can be generated. 

Consider for instance the data set obtained from uncharged steel specimens, as illustrated 

in Figure 7-8. The Lower design curves have been plotted for different values of p (1, 2, 

3). The data sets derived from charged steel specimens are superimposed on this graph to 

visually assess if these data points fall within the scatter band of the uncharged specimens. 

It is observed that the data set from specimens charged for five months exhibits 

inconsistencies compared to the rest of the data sets. The variance for this data set is 

significantly larger than for the other steel data sets. The researcher did not observe any 

changes in the display load profile during the testing of these specimens, nor a discernible 

trend in the results of this batch. This implies that the most plausible explanation is in the 

difference in the mechanical and physical properties of the specimens used during the five 

month soaking duration. Possible factors include varying degradation levels in the parent 

pipe from which the specimens were initially made, the presence of microstructural 

discontinuities, or the influence of environmental conditions on the parent material.  
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X52 Steel 

 

Welded X52 Steel 

 

GCI 

 

Brass 

 

Figure 7-8 Lower 2-sigma or 3-sigma design curves for steel, welded X52 steel, GCI, 

and brass 

It is seen from this graph for steel that not all the rest of the data points even lie in the 

conservative scatter band for p=3. If other factors for loading, surface finish, environment, 

and reliability factor of safety are applied to this design curve, all the points. 

Considering the welded steel specimens, the data set from specimens soaked for three 

months exhibits distinct characteristics compared to the other data sets. Some specimens 

displayed visual discontinuities, as previously explained and when these individual 

specimens were excluded from the data from the cracked specimens in the analysis, it was 

observed that the highly conservative scatter band, approximating a 3-sigma design curve, 

contains all data points from the other specimens, with only a very few data points falling 

below the S-N design curves. Based on visual inspection, it can be inferred that if the data 

points from charged welded specimens fall within the scatter band of the uncharged 

specimens, there are no significant changes in the fatigue properties of welded steel 
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specimens. This aligns with the conclusion drawn using statistical significance in the 

previous chapter. 

In the context of cast iron, all data points consistently surpass the design curves for 2 and 

3 sigma, with the endurance limit exhibiting an upward trend as the soaking time extends. 

Designing based on uncharged cast iron specimens appears to be a secure approach for 

accommodating data from different soaking durations. Visual assessments therefore affirm 

that there is no noticeable alteration in the fatigue properties of the cast iron used in this 

research. 

 For the brass specimens, it's important to note the limitation of only having two data sets, 

which may render the analysis less reliable. The available data, however, show that both 

data sets fall within the design curves for 2 and 3 sigma. The endurance limit tends to 

decrease with prolonged soaking time. While the limited data set introduces some 

uncertainty, however, the visual inspection suggests that there was no significant change in 

the fatigue properties of brass in this research. This also aligns with the conclusion using 

statistical approaches. 

7.3.2 Considering the fully corrected endurance limit 

The examination of the plots of charged specimens with uncharged specimens reveals that 

the data points from the soaked specimens predominantly fall within the scatter band of the 

uncharged specimens. Introducing additional safety factors would effectively shift the 

design curve farther away from the mean S-N curve for uncharged specimens, resulting in 

highly conservative scatter bands that account for the observed variations in the scattering 

of the tested specimens. According to Marin's equation, some of the correction factors are 

estimated based on the conditions of the specimen or component [41,42]. These are 

estimated as:  

  𝑆𝑒 = 𝑘𝑎𝑘𝑏𝑘𝑐𝑘𝑑𝑘𝑒𝑘𝑓𝑠�̀�𝑠𝑒 (7-2) 

where 

𝑘𝑎 = surface condition modification factor 

𝑘𝑏= size modification factor 

𝑘𝑐 = load modification factor 

𝑘𝑑 = temperature modification factor 

𝑘𝑒 = reliability factor 
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𝑘𝑓 = miscellaneous-effects modification factor 

𝑠�̀� = rotary-beam test specimen endurance limit 

𝑠𝑒 = endurance limit at the critical location of a machine part in the geometry and 

condition of use 

In the realm of fatigue design, modifications to the endurance limit can be implemented 

through both subtractive and multiplicative corrections. These adjustments serve to 

accommodate diverse factors influencing the fatigue performance of a material in varied 

conditions. The outcome of these corrections manifests as scatter bands with a notably 

conservative nature, encompassing all the data points derived from the materials analysed 

in this research. 

7.3.3 Do the endurance limits from soaked specimens fall in the 95% confidence 

interval of the uncharged specimens? 

Assume that the endurance limit from the uncharged specimens is the mean endurance limit 

for each material. Defining the confidence interval as  

 𝐶𝑜𝑛𝑓𝑖𝑑𝑒𝑛𝑐𝑒 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 (𝜎0) =  𝜎0 ± (𝑍 ×
𝑠𝜎

√𝑛
) (7-3) 

In which 𝜎0 is the endurance limit of the uncharged specimen, Z is the Z-score associated 

with the desired confidence level (e.g., for a 95% confidence interval, Z≈1.96), 𝑠𝜎 is the 

standard deviation observed in the endurance limits and 𝑛 the number of fatigue data sets 

considered. This approach allows for an assessment to determine whether the endurance 

limits derived from the soaked specimens align with the scatter band of the uncharged 

specimens. If this alignment occurs, it provides a basis to conclude, with a 95% confidence 

level, that there has been no significant alteration in the fatigue properties under the specific 

conditions investigated in this research. 

By example the graphs illustrated in Figure 7-9 for steel, it becomes evident that, except 

for the specimens charged for 5 months, the endurance limits of the other specimens align 

within the scatter band of the uncharged specimens. As previously discussed in the results 

analysis chapter, it is suggested that this particular batch of specimens may possess distinct 

properties compared to the others utilized in this research. The scatter band theory further 

validates the differences observed in the properties of these specimens in relation to the 

others investigated.  

For cast iron specimens, all the endurance limits of the hydrogen charged specimens fall 
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within the 95% scatter band of uncharged specimens. According to this schematisation, it 

suggests that there is no apparent change in the fatigue properties of cast iron. Although the 

endurance limit for specimens charged for nine months exhibited a 30% increase, this 

further suggests that designing with a lower consideration of endurance limit results in a 

very conservative and therefore safer design approach. 

 

X52 Steel 

 

Welded X52 Steel 

 

GCI 

 

 

Figure 7-9 Endurance limit with 5% vertical error bands and 95% confidence interval 

of uncharged specimens 

This analysis was not conducted for brass specimens due to the limitations in the number 

of data sets available in this research. Brass specimens were only charged for nine months, 

and statistical significance tests indicated insignificance in the data and its data set fell in 

the scatter band of the uncharged specimens. Furthermore, the fatigue properties of the 

tested specimens aligned with some of the grade cast iron data found in the literature. 

 

7.3.4 What is the basis of choosing a design curve (compare with the target curve 

as recommended by TWI for welded joints 

While the IIW recommends validating a particular design with limited fatigue data sets by 

comparing the design curve to existing design classes, provided the standard deviation of 
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the log of fatigue life is known, this approach has its limitations. For instance, when 

designing welded joints using an inverse slope of 3, this value must fall within the 

confidence interval of the slope generated from the test data. Additionally, the standard 

deviation of the fatigue life should align with that of the target design class. However, while 

this method yields conservative design approaches for welded joints due to the influences 

of weld characteristics and processes on its fatigue properties, its applicability to other 

materials remains unproven. Adopting a fixed inverse slope introduces the challenge of 

assuming uniform fatigue behaviour across all materials, which may not reflect reality. 

Consequently, using a fixed slope value may not accurately capture the fatigue response of 

different materials or loading conditions, potentially leading to inaccurate predictions and 

unsafe designs in engineering applications. 

7.3.5 Choosing a statistical distribution of fatigue data 

To estimate whether a distribution can describe the fatigue life data better, the correlation 

coefficient r is applied. The correlation coefficient r is defined as [43,44] 

𝑟 =
∑ (𝜎𝑖 − 𝜎)𝑛

𝑖=1 (𝑁𝑖 − �̅�)

√∑ (𝜎𝑖 − 𝜎)2𝑛
𝑖=1 ∑ (𝑁𝑖 − �̅�)2𝑛

𝑖=1

 

 

(7-4) 

Notably, |r|≤1 and a good correlation can be affirmed between variable σ and 𝑁𝑓 if |r| is 

close to one. Consequently, the better fitting of distribution can be determined by 

comparing the r values. Usually, the larger the sample sizes are, the more precise the fitting 

results are. 

Only a few specimens were used in the fatigue experiments at each given stress level 

because of the high cost. Consequently, it would have been necessary to determine a 

threshold value for r under different sample sizes and confidence levels. This correlation 

coefficient has been defined in the previous chapter and should be predefined a priori. The 

values derived from the materials analyzed in this study have consistently approached a 

value of 1. This indicates a strong association and suggests that the assumptions regarding 

the lognormal distribution of fatigue data in real-world operating conditions are accurately 

represented by the findings of this research. 
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7.3.6 Comparing industry design factor of safety and the probabilistic design 

curve 

The factor of safety 𝑓𝑠 in safe design against fatigue is a critical parameter that ensures the 

reliability and durability of a structure or component. It is calculated to provide a margin 

of safety between the expected loading conditions and the endurance limit in fatigue design. 

According to Ref [45], designing for fatigue safety involves incorporating a safety margin 

either on the stress field or the anticipated number of cycles until failure. Certain 

engineering standards dictate a safety factor of 10 for the number of cycles until failure and 

a safety factor of 2 for the stress field. The factor of safety 𝑓𝑠 is calculated as: 

𝑓𝑠 =
𝜎50%

𝜎(1−𝑃)%
 (7-5) 

In which 𝜎(1−𝑃)% is the design stress level at a probability of survival. In this doctoral 

research, the calculated factor of safety equals half the scatter band applied to each of the 

materials. Across all materials investigated in this study, this figure notably falls below 2, 

which is the standard factor of safety employed in industry practices. This observation 

underscores the conservative nature of the industry approach, as the design curves derived 

from specimens subjected to hydrogen charging remain within the industry's designated 

factor of safety. Based on this design methodology, it can be inferred that using ex-service 

materials for transporting blended gas is deemed safe. This conclusion stems from the fact 

that the design curves generated from the research fall comfortably within the conservative 

band established by employing a design safety factor of 2. 

7.4 Technical Research Challenges 

This section examines the possible hurdles and complexities encountered while 

undertaking the collection of the fatigue data within this research. These obstacles 

stemming from various sources if not planned to mitigate against had the potential of 

significantly influencing the integrity of the results of the investigation. Some of the 

challenges that were observed by the researcher included: 

7.4.1 Specimen hydrogen content  

These specimens were placed within high-pressure tubes filled with hydrogen for varying 

durations. The hydrogen was allowed to diffuse into these specimens naturally. However, 

this setup did not accurately replicate the environment that gas pipeline materials typically 

encounter during normal operation. In reality, blended natural gas flows steadily through 

pipelines at a designated gas pressure and velocity, with only the inner portion of the pipe
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coming into contact with the blended gas. Consequently, it's plausible that the rate of 

hydrogen diffusion into the pipeline material, which is partly dependent on these factors 

could lead to the amount of hydrogen embrittlement. However, the adopted hydrogen 

soaking approach used in this research is far worse than the real-life approach and therefore 

should produce results that are very conservative to real life experiences. To maintain gas 

pressure along transmission networks, substations are typically positioned at intervals. 

These substations serve to re-pressurize the system in the event of pressure drops from the 

initial source. This variation in gas pressure during real-life transportation processes 

highlights the significant influence of pressure on hydrogen embrittlement rates. 

Similarly, quantifying the amount of hydrogen absorbed in each specimen proved 

challenging. This difficulty stemmed from the unknown rate at which hydrogen diffused 

into the specimens, which was not apparent to the researcher and varied depending on the 

degree of degradation of the pipeline material. To address this uncertainty, all specimens 

were exposed to the hydrogen environment for an identical duration. Furthermore, the 

specimens were sourced from ex-service pipelines and it is well-established that pipeline 

materials degrade over time due to usage, with the extent of degradation influenced by 

numerous factors, including environmental conditions. Given these circumstances, it was 

impossible to ascertain beforehand whether all specimens had undergone an equivalent 

level of degradation. However, the specimens were extracted from sections of the pipeline 

material located in close proximity to each other approximately the same level of 

degradation in the specimens. 

The specimens were retrieved from the testing environment and stored in cryonic 

conditions to prevent the diffusion of absorbed hydrogen during the fatigue tests. Upon 

retrieval, each specimen underwent a rinsing process under tap water to return to room 

temperature for safe handling. Efforts were made to minimize the time taken for 

measurements and loading onto the fatigue machine. An unanswered question remains 

regarding whether this process impacted the amount of hydrogen remaining in the specimen 

before testing. Nevertheless, every specimen treated with hydrogen followed this 

procedure, ensuring uniformity of treatment. A potential solution to this uncertainty would 

be to conduct future fatigue tests within a hydrogen environment. 
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7.4.2 The grip jaws of the fatigue machine 

The jaws of the multipurpose servo-hydraulic universal testing machine series LFV-25KN 

were secured by multiple fastening nuts and grip screws. Consequently, the grip jaws 

exhibited a degree of looseness, potentially resulting in minor misalignments. Such 

misalignments could significantly impact the stress distribution on the test sample. 

Furthermore, it was observed that tightening each of the nut and grip screws resulted in 

slight preloads being applied to the test specimen. Special attention was dedicated to this 

aspect during each loading condition to minimize these preloads. The figure below 

illustrates this grip jaw configuration alongside an example of a misaligned specimen. 

 

Front view   

 

Figure 7-10 Physiology of grip jaws and misaligned specimen after failure 
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To address the issue of misalignment during loading, a spirit level laser was employed to 

detect and rectify potential misalignments in a loaded specimen prior to initiating the 

fatigue test as described in Chapter 4. 

7.4.3 Sample and Data Collection 

The quantity of specimens used in this research potentially influenced the quality and 

reliability of the results obtained. While the sample size for certain specimens was deemed 

adequate, others fell short of this standard. Nonetheless, for research and development 

(R&D), the findings presented serve as a foundational platform for future investigations 

with a larger sample size. Expanding the sample set in subsequent studies could provide 

deeper insights and enhance the robustness of the results. This approach would allow for a 

more comprehensive examination of the fatigue properties of repurposing pipeline 

material, thereby facilitating a clearer understanding of the observed trends and 

phenomena. Thus, while acknowledging the limitations imposed by the sample size in this 

study, the results offer valuable groundwork for further exploration and refinement. 

7.4.4 Size and scale factor by specimen configuration 

This pertains to the dimensions and proportions of the test specimens employed in the 

experimentation process. The physical dimensions of the specimen could significantly 

influence the outcomes of fatigue tests, as larger specimens may manifest different 

mechanical behaviours compared to smaller ones. The scale factor is linked to the ratio 

between the dimensions of the specimen and those of the actual pipelines used in the 

industry. This discrepancy became apparent in the results obtained from this research when 

compared to data from the literature. The choice of specimen geometry was based on the 

available machinery for testing while adhering to standardized procedures. Unfortunately, 

these aspects were beyond the control of the researcher. However, the application of 

confidence intervals in handling the fatigue results accommodated these challenges 

stemming from the size and scale factor issue. 

7.4.5 Scope of the HyDeploy Steering Committee 

The steering committee led by Cadent [46–48] and with the various representatives from 

the project partners (Northern Gas Network, Progressive Energy, Bespoke Research and 

Consultancy HSE, Keele University, and ITM Power Energy Storage Clean Fuel) 

comprised of industry specialists and consultants whose invaluable insights profoundly 

shaped the direction of this research [47]. Their guidance played an indispensable role in 
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steering the realisation of this PhD research work and the overall success of the HyDeploy 

project towards fruition. However, their significant influence also meant that the scope and 

trajectory of this research were confined to the committee's specifications. While this focus 

aimed to yield results directly applicable to industrial needs, it concurrently posed the risk 

of narrowing the research's broader perspective and potential impact.  

7.5 Conclusion  

Following an overview of various challenges encountered during this PhD research and a 

thorough examination of the strategies employed to overcome them and yield results, the 

subsequent chapter will present a summary of the conclusions reached. 
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8 Conclusions and recommendations for future work. 

 

8.1 Introduction  

The primary objective of this research was to quantify the alterations in the fatigue 

properties of ex-service X52 steel, ex-service X52 welded steel, ex-service grey cast iron, 

and ex-service brass resulting from both their degradation over time in use and exposure to 

a hydrogen environment. To achieve this goal, specimens sourced from ex-service pipeline 

materials were obtained from the industry and subjected to a hydrogen environment before 

undergoing fatigue testing. Following testing, standardized approaches were employed to 

post-process the fatigue data sets, enabling the determination of their fatigue properties. 

Subsequently, these fatigue properties were compared with those documented in the 
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literature. Notably, a statistical significance test was introduced and validated using fatigue 

data sets from notched specimens and cross-validated with fatigue data from previous 

studies. This validated significance test was then applied to the fatigue data obtained from 

hydrogen-soaked plain specimens and compared with data from unsoaked plain specimens. 

This comparison aimed to ascertain whether the observed changes in the fatigue data sets 

were merely due to random errors or were primarily attributed to exposure to a hydrogen 

environment. 

The driving motive of this research has been to contribute to the safe implementation of the 

delivery of hydrogen blended natural gas in the HyDeploy project in the UK. This 

concluding chapter will therefore make a comprehensive analysis and synthesis of the 

fatigue results obtained from this research centered on the fatigue properties of ex-service 

pipeline materials. The suggested hydrogen environment consisted of a pressurized 

hydrogen gas of about 8 bars and the researched materials were tested for fatigue life of up 

to 2 million cycles under uniaxial cyclic loading conditions in tension. These investigations 

have provided critical insights essential for enhancing the integrity and longevity of 

pipeline infrastructures that are intended to transport hydrogen-blended natural gas as 

explained in the HyDeploy project. Building upon the foundations laid in preceding 

chapters, this section consolidates the key observations and defines pathways for future 

research endeavours aimed at advancing the understanding of fatigue mechanisms in ex-

service pipeline materials. This chapter also aims to continue to contribute significantly to 

the ongoing discourse surrounding pipeline integrity management and structural resilience 

in the face of hydrogen embrittlement in green energy projects. 

8.2 Conclusions 

After this project, all objectives were achieved, and the primary aims of this thesis were 

realized. The main conclusions drawn from this project are summarized below: 

1) The fatigue properties, particularly the endurance limit of ex-service pipeline 

material charged with hydrogen gas under 8 bar pressure after 2 million cycles when 

tested in tension, differ from uncharged materials. However, the change in the 

endurance limit falls within the scatter band of the design paradigm of the existing 

network. This indicates that the present natural gas distribution network in the UK 

can operate safely if hydrogen gas at 8 bar pressure is introduced into the system. 

Current engineering standards dictate a safety factor of 10 for the number of cycles 
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until failure and a safety factor of 2 for the stress field. The calculated factor of 

safety equals half the scatter band of the approaches applied to each of the materials 

in this research. The safety factor extracted from the design curves suggested in this 

study is less than 2, which is the standard factor of safety employed in industry 

practices. This observation underscores the conservative nature of the industry 

approach, as the design curves derived from specimens subjected to hydrogen 

charging remain within the industry's designated factor of safety. Based on this 

design methodology, it can be inferred that repurposing ex-service materials for 

transporting blended gas is deemed safe. This conclusion stems from the fact that 

the design curves generated from the research fall comfortably within the 

conservative band established by employing a design safety factor of 2. 

2) Parametric statistical analysis can detect very small changes in fatigue data sets 

based on a predefined level of significance. When consistently applied, this 

approach is capable of identifying variations in fatigue data from different 

geometries without considering its root radius. It successfully identified differences 

in the fatigue properties of notched specimen geometries that differed by only 1 mm 

in root radius. This procedure was validated and therefore provides an alternative 

method to monitor the effect of geometry on structures without directly measuring 

the root radius of the geometry involved.  

3) While the statistical significance test method proves adept at detecting even subtle 

changes in the data sets used, a challenge arises in determining the significance of 

such changes, especially when monitoring the percentage change in the endurance 

limit. Nevertheless, this approach remains valuable, provided a well-defined level 

of significance is employed, allowing for a better understanding of the impact of 

hydrogen exposure on the metals' fatigue properties. 

4) In estimating design curves in MCF, the IIW approach is the most non-conservative 

approach and would reduce any chance of overdesign when compared to the other 

approaches. It is very applicable for sustainable components and the design curve 

in this case is dependent on the characteristics of the data, in particular the sample 

size and its spread. 

5) The ASTM standardized method to post-process fatigue data sets is the most 

sensitive to the spread of the fatigue data sets. This approach is very conservative 

and would be very useful for critical design.  
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6) The simplest-to-use approach to construct a design curve in MCF is the linear 

regression method and the empirical constants corresponding to sample sizes are 

also defined in the ASTM standards for fatigue distributions with assumed shapes. 

In particular, this approach is not limited by the sample size of the data set, the 

assumptions under which the approach is applicable have to be meticulously 

examined to produce practical design curves. 

Currently pipeline materials undergo degradation over use depending on a list of factors 

and are currently inspected and replaced over time. Surprisingly the level of degradation 

of these pipeline materials is not quantified over time. To date, replacement or 

maintenance schedules for pipelines in a hydrogen gas network vary depending on 

several factors, including regulatory requirements, industry standards, the specific type 

of pipeline material used, environmental conditions, and the overall condition of the 

pipeline infrastructure. Continuous inspection and end-of-life design recommendations 

are the sole driving factors.  

7) It is essential to consider the correlation coefficient threshold aspect when utilizing 

the data sets for design purposes, as it provides valuable insight into the reliability 

and consistency across the industry. 

8.3 Recommendation for future work 

With the popularity of hydrogen as an alternative energy source growing, the construction 

and planning of hydrogen pipelines for transporting gas are underway, and the study of 

pipeline fault diagnosis, maintenance, and fatigue issues is becoming particularly important 

and prominent. The UK has an extensive network of natural gas pipelines; however, there 

remain significant engineering challenges in safely transporting blended natural gas using 

the existing UK gas transmission pipelines. The results from this research will help address 

some of the challenges involved in using the existing network to transport blended natural 

gas due to hydrogen embrittlement. Based on the work carried out in this thesis, 

recommendations for future work are provided below. 

8.3.1 Investigate the fatigue limit of notches 

Most fatigue failures in mechanical components and structures typically originate from 

stress concentrators, including macroscopic notches, rough surfaces, scratches, cavities, 

inclusions, and welded joints. Despite substantial knowledge gained through experiments, 

mechanics, material science, and statistical analysis, fully addressing this issue remains a 
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complex and ongoing challenge. This is because Fatigue cracks often initiate from 

persistent slip bands and micro-scale weak points such as grain boundaries [1–3], secondary 

phases, inclusions, and phase interfaces, and in many engineering applications, a distinct 

crack initiation stage may not even occur, as pre-existing defects introduced during 

manufacturing or machining processes act as initial cracks [4,5]. Notches are a good 

example in this case and how hydrogen damage under the conditions defined in this 

research will impact the stress distribution in ex-service pipeline materials remains to be 

studied. In this case, classical fatigue limit prediction models and material-dependent 

characteristic length parameters for notched components will be used, along with a 

modified stress gradient-based approach [3] to account for the non-propagation behaviour 

of microstructurally small cracks in ex-service pipeline materials. 

8.3.2 Characterization of the degraded microstructure of ex-service pipeline 

metals with age  

It has been observed that the degree of embrittlement is influenced by the microstructure 

of the material [6–8]. Microstructures that confer high strength, often monitored by 

hardness level, or those with specific distributions of grain boundary particles or inclusions 

can increase susceptibility to embrittlement. In materials science, the relationship between 

the structure and properties of materials is recognized as critical. Structural analysis of 

materials can be conducted at various levels: atomic, microstructural, or macrostructural. 

Therefore, understanding the HE susceptibility of degraded pipeline materials requires (i) 

knowledge of the different microstructural features present in these degraded materials and 

(ii) insight into how these structures influence HE susceptibility. However, to the author’s 

knowledge, there is very little research that quantifies the relationship between the 

degradation coefficient and age in the use of pipeline materials in the UK; discussions often 

address only material degradation over time without defining a clear relationship between 

usage and age. 

8.3.3 Investigate the amount of hydrogen absorbed by a degraded pipeline over 

time 

Another factor influencing the hydrogen embrittlement of pipeline material is the amount 

of hydrogen the material is exposed to. It is essential to investigate the amount of hydrogen 

absorbed by degraded pipeline materials under various conditions over time and the 

hydrogen diffusion rates. While Sievert’s Law and the one-dimensional solution of Fick’s 

Law have been used to describe hydrogen concentration and diffusion rates in metals, these 
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models have not yet been validated for the materials used in the UK distribution network. 

Hydrogen’s diffusion behaviour significantly impacts steel’s susceptibility to hydrogen 

embrittlement, and its high diffusivity in steel presents a challenge for designing and 

developing hydrogen-resistant pipeline materials as suggested in ref. [9]. This implies that 

further studies on the diffusion characteristics of hydrogen in metallic materials are crucial 

for understanding and preventing HE, ultimately improving the performance and reliability 

of hydrogen-based equipment. 

Improved quantification of hydrogen absorption rates based on pipeline age in service will 

enhance the understanding and safe use of the existing network for supplying blended 

natural gas. One approach to achieve this is through Gas Chromatography and Mass 

Spectrometry. Gas chromatography (GC) or gas chromatography-mass spectrometry (GC-

MS) can be used to analyze the presence and quantity of hydrogen in pipeline samples [10]. 

In this process, samples are heated in a controlled environment to release any trapped 

hydrogen, which is then measured to quantify absorbed hydrogen levels. Alternatively, 

Thermal Desorption Spectroscopy (TDS) offers a sensitive and accurate technique for 

studying hydrogen diffusion and trapping in crystalline and non-crystalline materials [11]. 

TDS involves gradually heating a sample to release absorbed gases and measuring the 

desorption rate of gas atoms that are either dissolved or trapped in the material. TDS can 

identify the amount of hydrogen desorbed at various temperatures, helping to distinguish 

between hydrogen loosely adsorbed by the pipeline material and hydrogen embedded in 

microstructural defects or trapped in voids within the pipeline metal. 

8.3.4 Investigate the mechanical properties of pipeline materials in a hydrogen 

environment 

The degree of embrittlement is influenced both by the amount of hydrogen absorbed and 

the microstructure of the material. Pipeline materials are susceptible to hydrogen 

embrittlement in high-pressure hydrogen environments [12,13]. Various impurity gases 

such as oxygen and carbon dioxide can either exacerbate or mitigate sensitivity to the 

hydrogen embrittlement [14] and due to the high hydrogen diffusion, testing for HE in a 

hydrogen environment typically requires specialized and expensive equipment designed 

for pressurized environments, which also entails stringent safety measures due to the 

explosive risks involved. More so,  load and strain measurements are often conducted using 

electrical resistance strain gauges, which are prone to drift in a high-pressure hydrogen gas 

environment [14]. Mini-flat tensile specimens are widely used to characterize the 
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mechanical properties of materials. In this study, sub-sized specimens will be employed to 

rigorously assess factors that may impact result quality and accuracy, particularly for 

smooth tensile specimen geometries. These factors include machining and surface 

preparation, metrology, and the ratio of microstructural grain size to specimen size. Using 

these specimens will allow for monitoring both the material's degradation in a hydrogen 

environment and the evolution of its mechanical properties because of HE. In a hydrogen 

environment, the technique used for local mechanical properties is the Edge Tracing (ET) 

technique which uses an optical extensometer [14,15].  This ensures accurate measurements 

without the need for internal mechanical devices, and it remains unaffected by time-

dependent drift during exposure to hydrogen gas.  

 The engineering stress-strain curves of pipeline materials at varying hydrogen charging 

times need to be studied to compare changes in material plasticity over time. With longer 

hydrogen charging durations, the strain at fracture gradually decreases. To achieve this, the 

elongation after fracture (EL) and reduction in area (RA) of the material specimens can be 

analyzed. Additionally, examining the yield strength (YS) and tensile strength (TS) over 

these charging periods will help assess the effects of hydrogen charging on the yield and 

tensile strength of pipeline materials under a constant pressure environment. 

Similarly, tensile tests on specimens with varying hydrogen charging times showed that 

charging duration can impact the mechanical properties of pipeline materials. Given that 

gas pressure influences the rate of hydrogen embrittlement in metals, it is also essential to 

examine the effect of hydrogen charging pressure on these properties. While a hydrogen 

pressure of 8 bars was used to charge the specimens in this research, this pressure does not 

represent the full range of operating pressures within the UK gas network. Gas pressure in 

transmission lines varies between sub-stations, and these fluctuations are likely to affect 

the mechanical properties of the transmission lines impact the rate of hydrogen diffusion in 

the pipeline material as well as exert some form of loading.
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8.3.5 Investigate the very high-cycle fatigue behaviour of steel in a hydrogen 

environment 

In a hydrogen environment, hydrogen atoms penetrate the material's interior, adding 

complexity to the behaviour of very high cycle fatigue (VHCF) [16]. For the long-life 

design with very high reliability, which is essential in the gas distribution network, 

accurately evaluating their VHCF characteristics in a hydrogen environment is the key to 

the future advancement of the hydrogen energy industry. Applications will include 

terminals of hydrogen energy applications as in the engineering equipment in marine 

vessels, aerospace, and civil transportation where structures subjected to high-frequency 

and low-stress amplitude loads for design life that exceed 107 load cycles.  

8.3.6 Investigate fatigue crack growth law in degraded pipeline material 

The Paris equation is useful for estimating the fatigue crack growth rate about the cyclic 

stress intensity factor range. For materials exhibiting varying behaviours, such as 

brittleness or ductility, linear elastic fracture mechanics is primarily applicable to brittle 

materials, where the crack growth criterion is defined by the stress intensity factor K. 

However, a limitation of this approach is that it does not account for the effect of the stress 

ratio. Theoretically, the stress intensity factor range remains unchanged for different R-

ratios under constant amplitude loading. To address this, modifications to Paris’s law have 

been developed that incorporate the influence of stress ratios. 

Similarly, the impact of the stress-strain field around a notch on crack growth rate warrants 

further investigation. This is particularly relevant for transmission pipelines, which contain 

numerous girth welds made in field conditions. Both the construction process and 

prolonged operation can introduce additional stresses beyond internal pressure in these 

welds. The history of observed damage and the need for safe operation call for full-scale 

testing to accurately model and analyze these effects.  
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Appendix A – Fatigue Results 

Table 1 Summary of the uniaxial fatigue results generated from plain steel specimens  

 

Specimen ID 

Fatigue results 

Wav 

[mm] 

dav 

[mm] 

A 

 [mm2] 

Load 

amp. 

[KN] 

Stress 

ratio 

R 

Freq. 

[Hz] 
σi 

 [MPa] 

Nf 

[cycles] 

U
n
ch

ar
g

ed
 s

p
ec

im
en

s 

S_1_1 4.98 1.88 9.38 1.80 0.10 10.00 191.9 2000000 

S_1_2 4.99 1.89 9.41 2.25 0.10 10.00 239.2 206621 

S_1_3 4.97 1.89 9.40 2.48 0.10 10.00 263.3 992 

S_1_4 4.98 1.87 9.34 2.25 0.10 10.00 241.0 150677 

S_1_5 4.97 1.88 9.33 2.03 0.10 10.00 217.0 2000000 

S_2_1 5.02 1.90 9.54 2.16 0.10 10.00 226.3 1214072 

S_2_2 4.98 1.90 9.45 2.16 0.10 10.00 228.7 408035 

S_2_3 4.98 1.89 9.40 2.16 0.10 10.00 229.7 2000000 

S_2_4 4.99 1.90 9.50 2.25 0.10 10.00 236.9 185381 

S_2_5 4.99 1.90 9.50 2.30 0.10 10.00 241.5 120477 

S_2_6 5.00 1.88 9.41 2.36 0.10 10.00 251.1 3196 

S_2_7 5.01 1.90 9.53 2.43 0.10 10.00 255.0 2223 

S_2_8 5.00 1.90 9.52 2.21 0.10 10.00 231.7 450485 

S_2_9 5.01 1.92 9.61 2.30 0.10 10.00 238.8 99367 

S_2_10 5.01 1.93 9.69 2.36 0.10 10.00 243.9 45777 

S_2_11 5.01 1.93 9.65 2.43 0.10 10.00 251.8 1917 

S_2_12 5.03 1.92 9.63 2.21 0.10 10.00 228.9 416095 

S_2_13 5.00 1.92 9.58 2.30 0.10 10.00 239.6 119636 

S_2_14 5.01 1.92 9.60 2.36 0.10 10.00 246.2 6576 

S_2_15 5.03 1.92 9.65 2.21 0.10 10.00 228.6 552564 

S_3_1 4.97 1.93 9.57 2.43 0.10 10.00 253.9 831 
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Table 2 Summary of the uniaxial fatigue results generated from plain hydrogen-charged steel specimens 

and cured for a range of time in months 

 

Specimen ID 

Fatigue results 

Wav 

[mm] 

dav 

[mm] 

A 

 [mm2] 

Load 

amp. 

[KN] 

Stress 

ratio, 

R 

Freq. 

[Hz] 
∆t∗ 

[Mins] 

σi 

[MPa] 

Nf 

 [cycles] 

C
h

ar
g

ed
 +

 c
u
re

d
 3

 m
o

n
th

s 

S_3m_1 5.01 1.95 9.77 2.36 0.10 10.00 11.00 241.8 13187 

S_3m_2 5.04 1.94 9.78 2.30 0.10 10.00 12.00 234.7 104268 

S_3m_3 5.00 1.95 9.76 2.43 0.10 10.00 12.00 249.1 3516 

S_3m_4 5.03 1.96 9.87 2.25 0.10 10.00 10.00 228.1 211179 

S_3m_5 5.00 1.93 9.63 2.21 0.10 10.00 8.00 228.9 296724 

S_3m_6 5.03 1.90 9.56 2.16 0.10 10.00 10.00 226.0 2,000,000 

S_3m_7 5.03 1.96 9.83 2.39 0.10 10.00 9.00 242.5 6273 

S_3m_8 5.00 1.94 9.67 2.36 0.10 10.00 10.00 244.4 3170 

S_3m_9 5.05 1.94 9.77 2.30 0.10 10.00 9.00 234.9 101709 

S_3m_10 4.93 1.94 9.56 2.43 0.10 10.00 10.00 254.2 923 

S_3m_11 5.01 1.93 9.66 2.25 0.10 10.00 11.00 232.9 278971 

S_3m_12 4.96 1.94 9.59 2.21 0.10 10.00 12.00 229.9 231417 

S_3m_13 5.02 1.90 9.54 2.16 0.10 10.00 10.00 226.3 2,000,000 

S_3m_14 4.95 1.95 9.62 2.39 0.10 10.00 9.00 247.9 2770 

S_3m_15 5.02 1.94 9.71 2.34 0.10 10.00 10.00 241.1 8604 

S_3m_16 5.03 1.95 9.82 2.34 0.10 10.00 9.00 238.4 13534 

S_3m_17 4.99 1.96 9.76 2.16 0.10 10.00 12.00 221.4 715762 

C
h
ar

g
ed

 +
 c

u
re

d
 5

 m
o
n
th

s 

S_5m_1 4.76 1.92 9.12 2.36 0.10 10.00 26.00 258.9 64,490 

S_5m_2 5.12 1.92 9.83 2.30 0.10 10.00 9.00 233.5 120,626 

S_5m_3 4.82 1.92 9.24 2.43 0.10 10.00 14.00 263.0 3,833 

S_5m_4 4.97 1.93 9.58 2.25 0.10 10.00 10.00 234.8 140,970 

S_5m_5 5.07 1.93 9.78 2.21 0.10 10.00 12.00 225.6 186,453 

S_5m_6 5.03 1.93 9.70 2.36 0.10 10.00 20.00 243.6 44,393 

S_5m_7 4.93 1.93 9.53 2.30 0.10 10.00 9.00 240.8 110,699 

S_5m_8 4.86 1.91 9.30 2.43 0.10 10.00 9.00 261.3 6,974 

S_5m_9 4.90 1.91 9.34 2.25 0.10 10.00 8.00 240.8 144,385 

S_5m_10 4.90 1.93 9.43 2.21 0.10 10.00 9.00 233.8 208,574 

S_5m_11 4.88 1.92 9.37 2.36 0.10 10.00 8.00 252.2 310,422 

S_5m_12 4.81 1.92 9.24 2.30 0.10 10.00 14.00 248.5 166,398 

S_5m_13 4.48 1.90 8.51 2.43 0.10 10.00 10.00 285.5 3,589 

S_5m_14 4.88 1.93 9.42 2.25 0.10 10.00 11.00 238.9 102,534 

S_5m_15 5.08 1.93 9.79 2.16 0.10 10.00 10.00 220.7 189,283 

C
h

ar
g

ed
 +

 9
 m

o
n

th
s 

S_9m_1 5.02 1.92 9.64 2.36 0.10 10.00 11.00 245.1 16,133 

S_9m_2 4.94 1.94 9.56 2.30 0.10 10.00 10.00 240.1 98,744 

S_9m_3 5.01 1.92 9.59 2.43 0.10 10.00 9.00 253.3 1,644 

S_9m_4 5.01 1.94 9.72 2.25 0.10 10.00 11.00 231.5 124,372 

S_9m_5 5.01 1.94 9.70 2.21 0.10 10.00 11.00 227.3 284,899 

S_9m_6 5.00 1.92 9.60 2.36 0.10 10.00 14.00 246.1 14,382 

S_9m_7 4.99 1.93 9.60 2.30 0.10 10.00 11.00 239.1 85,856 

S_9m_8 5.01 1.93 9.64 2.43 0.10 10.00 20.00 252.1 2,680 

S_9m_9 5.00 1.96 9.78 2.25 0.10 10.00 17.00 230.0 219,910 

∆t∗ is the time elapsed between removing the specimen from the freezer and initiating the test 
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Table 3 Summary of the uniaxial fatigue results generated from plain hydrogen-charged and uncharged 

welded steel specimens in tension (R=0.1) and cured for a range of time in months 

  

Specimen 

ID 

Fatigue results 

Wav 

[mm] 

dav 

[mm] 

A 

 

[mm2] 

Load 

amp. 

[KN] 

Stress 

ratio, 

R 

Freq. 

[Hz] 
∆t∗ 

[Mins] 

σi 

[MPa] 

Nf 

[cycles] 

Run 

out 

U
n

ch
ar

g
ed

 

WS_1_1 5.06 1.90 9.62 2.25 0.10 10.00 - 233.8 170697  

WS_1_2 5.05 1.87 9.43 2.16 0.10 10.00 - 228.9 721722  

WS_1_3 5.07 1.91 9.66 2.34 0.10 10.00 - 242.2 67901  

WS_1_4 5.06 1.90 9.63 2.25 0.10 10.00 - 233.6 209135  

WS_1_5 5.05 1.91 9.64 2.48 0.10 10.00 - 256.9 1478  

WS_2_1 5.03 1.92 9.65 2.12 0.10 10.00 - 219.1 2,000,000 X 

WS_2_2 5.06 1.92 9.69 2.41 0.10 10.00 - 248.4 65449  

WS_2_3 5.05 1.93 9.72 2.41 0.10 10.00 - 247.6 26409  

WS_2_4 5.01 1.94 9.70 2.34 0.10 10.00 - 241.3 258298  

WS_2_5 5.05 1.93 9.72 2.48 0.10 10.00 - 254.5 3392  

WS_2_6 5.02 1.94 9.72 2.16 0.10 10.00 - 222.3 2,000,000 X 

WS_2_7 5.02 1.91 9.60 2.48 0.10 10.00 - 257.7 47  

WS_2_8 5.02 1.92 9.62 2.41 0.10 10.00 - 250.2 1272  

WS_2_9 5.02 1.92 9.62 2.34 0.10 10.00 - 243.4 641747  

WS_2_10 5.04 1.92 9.69 2.25 0.10 10.00 - 232.2 1192184  

WS_2_11 5.05 1.90 9.61 2.18 0.10 10.00 - 227.2 375513  

WS_2_12 5.03 1.93 9.72 2.14 0.10 10.00 - 219.9 2,000,000 X 

WS_2_13 5.04 1.91 9.64 2.34 0.10 10.00 - 242.8 3141  

WS_2_14 5.03 1.92 9.65 2.25 0.10 10.00 - 233.2 49409  

WS_2_15 5.02 1.93 9.69 2.18 0.10 10.00 - 225.3 2,000,000 X 

C
h
ar

g
ed

 +
 3

 m
o
n
th

s 

WS_3m_1 5.05 1.94 9.78 2.39 0.10 10.00 11.00 243.9 36,126  

WS_3m_2 5.03 1.94 9.75 2.34 0.10 10.00 12.00 239.9 83,914  

WS_3m_3 5.03 1.93 9.70 2.25 0.10 10.00 9.00 231.9 27,987  

WS_3m_4 5.03 1.93 9.71 2.21 0.10 10.00 9.00 226.9 6,793  

WS_3m_5 5.02 1.93 9.68 2.30 0.10 10.00 9.00 237.0 492,367  

WS_3m_6 5.02 1.95 9.80 2.39 0.10 10.00 10.00 243.5 4,943  

WS_3m_7 5.03 1.96 9.83 2.34 0.10 10.00 10.00 237.9 6,411  

WS_3m_8 5.03 1.90 9.55 2.25 0.10 10.00 13.00 235.6 2,000,000 X 

WS_3m_9 5.02 1.94 9.71 2.21 0.10 10.00 11.00 227.2 429,447  

WS_3m_10 5.02 1.93 9.68 2.30 0.10 10.00 11.00 237.0 94,884  

WS_3m_11 5.01 1.89 9.46 2.21 0.10 10.00 11.00 233.0 29,217  

C
h

ar
g

ed
 +

 9
 m

o
n

th
s 

WS_9m_1 5.01 1.92 9.60 2.41 0.10 10.00 9.00 250.8 186  

WS_9m_2 5.01 1.92 9.62 2.34 0.10 10.00 10.00 243.3 941  

WS_9m_3 5.02 1.92 9.62 2.25 0.10 10.00 11.00 233.9 218997  

WS_9m_4 5.00 1.91 9.55 2.21 0.10 10.00 10.00 230.9 143660  

WS_9m_5 5.03 1.90 9.55 2.25 0.10 10.00 15.00 235.6 2,000,000 X 

WS_9m_6 5.00 1.93 9.66 2.30 0.10 10.00 9.00 237.7 76994  

WS_9m_7 4.99 1.90 9.49 2.21 0.10 10.00 11.00 232.2 48563  

WS_9m_8 5.02 1.93 9.66 2.30 0.10 10.00 9.00 237.5 21633  

WS_9m_9 5.01 1.90 9.50 2.21 0.10 10.00 12.00 232.1 20962  

WS_9m_10 5.01 1.92 9.62 2.25 0.10 10.00 11.00 233.9 172687  

∆t∗ is the time elapsed between removing the specimen from the freezer and initiating the test 
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Table 4 Summary of uniaxial fatigue test results generated from plain uncharged and hydrogen-charged 

brass specimens in tension (R=0.1) and cured for 9 months 

 

Specimen ID 

Fatigue results 

Wav 

[mm] 

dav 

[mm] 

A 

 [mm2] 

Load 

amp. 

[KN] 

Stress 

ratio, 

R 

Freq. 

[Hz] 
∆t∗ 

[Mins] 

σi 

[MPa] 

Nf 

cycles 

Ru

n 

out 

u
n

ch
ar

g
ed

 B_2_1 5.02 1.87 9.36 1.80 0.10 10.00 - 192.2 8  

B_2_2 5.00 1.87 9.35 1.67 0.10 10.00 - 178.1 13  

B_2_3 4.99 1.86 9.30 1.53 0.10 10.00 - 164.4 131,262  

B_2_4 5.00 1.85 9.27 1.44 0.10 10.00 - 155.4 57,180  

B_2_5 4.99 1.86 9.26 1.35 0.10 10.00 - 145.7 87,888  

C
h

ar
g

ed
 +

 9
 m

o
n

th
s 

B_9m_1 5.03 1.84 9.22 1.71 0.10 10.00 15.00 185.4 11  

B_9m_2 5.00 1.86 9.31 1.53 0.10 10.00 20.00 164.4 20,368  

B_9m_3 5.01 1.77 8.84 1.67 0.10 10.00 16.00 188.3 18  

B_9m_4 5.00 1.85 9.23 1.49 0.10 10.00 11.00 160.9 41,482  

B_9m_5 4.99 1.84 9.18 1.53 0.10 10.00 18.00 166.6 15,876  

B_9m_6 4.99 1.88 9.38 1.40 0.10 10.00 9.00 148.7 81,667  

B_9m_7 5.00 1.90 9.50 1.44 0.10 10.00 10.00 151.6 41,787  

B_9m_8 4.99 1.86 9.28 1.31 0.10 10.00 10.00 140.7 364,987  

B_9m_9 5.02 1.80 9.02 1.31 0.10 10.00 22.00 144.7 93,848  

B_9m_10 4.98 1.86 9.27 1.26 0.10 10.00 12.00 135.9 115,739  

∆t∗ is the time elapsed between removing the specimen from the freezer and initiating the test 

Gg 
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Table 5 Uniaxial fatigue test results from plain uncharged and hydrogen-charged cast iron  

  

Specimen 

ID 

Fatigue results 

Wav 

[mm] 

dav 

[mm] 

A 

[mm2] 

Load 

amp. 

[KN] 

Stress 

ratio, 

R 

Freq. 

[Hz] 
∆t∗ 

[Mins] 

σi 

[MPa] 

Nf 

 [cycles] 

Run 

out 

U
n

ch
ar

g
ed

  

AA4 5.03 1.93 9.71 0.74 0.10 10.00 - 76.4 751  

AA5 5.01 1.93 9.65 0.68 0.10 10.00 - 69.9 1,690  

AA6 5.04 1.92 9.70 0.54 0.10 10.00 - 55.7 14,74  

AA7 5.02 1.93 9.67 0.45 0.10 10.00 - 46.6 142,029  

AA8 5.05 1.92 9.69 0.36 0.10 10.00 - 37.2 2,000,000 X 

AA9 5.02 1.93 9.70 0.50 0.10 10.00 - 51.0 197,025  

CI_1_1 5.04 1.94 9.76 0.41 0.10 10.00 - 41.5 2,000,000 X 

CI_1_2 5.01 1.91 9.58 0.50 0.10 10.00 - 51.7 66,103  

CI_1_3 5.02 1.91 9.59 0.54 0.10 10.00 - 56.3 23,930  

CI_1_4 5.02 1.91 9.59 0.59 0.10 10.00 - 61.0 16,839  

CI_2_1 5.05 1.93 9.73 0.41 0.10 10.00 - 41.6 2,000,000 X 

CI_2_2 5.04 1.92 9.67 0.68 0.10 10.00 - 69.8 2,101  

C1_2_3 5.04 1.92 9.68 0.59 0.10 10.00 - 60.5 18,501  

C1_2_4 5.04 1.93 9.72 0.63 0.10 10.00 - 64.8 5,651  

C1_2_5 5.06 1.93 9.78 0.43 0.10 10.00 - 43.7 2,000,000 X 

C1_2_6 5.06 1.93 9.75 0.63 0.10 10.00 - 64.6 2,264  

C1_2_7 5.06 1.93 9.76 0.54 0.10 10.00 - 55.4 7,987  

C1_2_8 5.02 1.93 9.70 0.50 0.10 10.00 - 51.1 17,621  

CI_2_9 5.03 1.93 9.70 0.45 0.10 10.00 - 46.4 14,235  

C1_2_10 5.04 1.93 9.74 0.43 0.10 10.00 - 43.9 2,000,000 X 

C1_2_11 5.03 1.94 9.75 0.41 0.10 10.00 - 41.6 2,000,000 X 

C
h
ar

g
ed

 +
 3

m
o
n
th

s 

CI_3m_1 5.01 1.92 9.59 0.63 0.10 10.00 10.00 65.7 11,533  

CI_3m_2 5.02 1.94 9.71 0.54 0.10 10.00 10.00 55.6 21,186  

CI_3m_3 5.03 1.95 9.80 0.50 0.10 10.00 12.00 50.5 23,660  

CI_3m_4 4.98 1.90 9.47 0.47 0.10 10.00 9.00 49.9 2000000 X 

CI_3m_5 5.02 1.93 9.66 0.63 0.10 10.00 11.00 65.2 3,396  

CI_3m_6 5.02 1.92 9.64 0.54 0.10 10.00 9.00 55.9 87,109  

CI_3m_7 4.98 1.91 9.51 0.50 0.10 10.00 9.00 52.1 127,020  

CI_3m_8 5.02 1.93 9.66 0.47 0.10 10.00 11.00 48.9 158,005  

CI_3m_9 4.96 1.93 9.55 0.50 0.10 10.00 10.00 51.8 44,033  

CI_3m_10 4.99 1.93 9.61 0.63 0.10 10.00 10.00 65.5 5,280  

C
h

ar
g

ed
 +

 9
 m

o
n
th

s 

CI_9m_1 5.00 1.91 9.55 0.63 0.10 10.00 8.00 65.9 1,583  

CI_9m_2 4.96 1.92 9.49 0.54 0.10 10.00 8.00 56.9 17,599  

CI_9m_3 4.97 1.91 9.49 0.50 0.10 10.00 9.00 52.2 18,006  

CI_9m_4 4.96 1.93 9.55 0.45 0.10 10.00 13.00 47.1 2000000 X 

CI_9m_5 4.93 1.93 9.50 0.63 0.10 10.00 10.00 66.3 780  

CI_9m_6 4.98 1.93 9.59 0.50 0.10 10.00 9.00 51.6 116,397  

CI_9m_7 5.00 1.92 9.61 0.45 0.10 10.00 9.00 46.8 2000000 X 

CI_9m_8 4.92 1.92 9.42 0.54 0.10 10.00 13.00 57.4 13,348  

CI_9m_9 4.99 1.93 9.61 0.50 0.10 10.00 10.00 51.5 52,975  

CI_9m_10 4.92 1.92 9.44 0.47 0.10 10.00 11.00 50.1 196,388  

CI_9m_11 4.99 1.93 9.60 0.47 0.10 10.00 9.00 49.2 267,794  

∆t∗ is the time elapsed between removing the specimen from the freezer and initiating the test 
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Table 6 Summary of the uniaxial fatigue tests generated by testing notched brass specimens in tension 

(R=0.10) and at a frequency of 10Hz 

  

Specimen 

Reference 

Fatigue test results 

Wav 

[mm] 

dav 

[mm] 

Agross 

 [mm2] 
Load 

max 

[KN] 

Load 

min 

[KN] 

Load 

Amp. 

[KN] 

σi 

[MPa] 

Nf  

[cycles] 

Run 

out 

1
m

m
 n

o
tc

h
es

 

S_1mm_1 8.52 1.96 16.73 4.80 0.48 2.16 129.1 2,000,000 X 

S_1mm_1.1 8.52 1.96 16.73 8.00 0.80 3.60 215.2 8,103  

S_1mm_2 8.50 1.97 16.75 5.50 0.55 2.48 147.8 203,115  

S_1mm_3 8.51 1.98 16.85 5.10 0.51 2.30 136.2 1,215,396  

S_1mm_4 8.51 1.97 16.76 5.10 0.51 2.30 136.9 362,177  

S_1mm_5 8.49 1.98 16.78 5.50 0.55 2.48 147.5 193,751  

S_1mm_6 8.48 1.98 16.76 7.00 0.70 3.15 188.0 34,155  

S_1mm_7 8.50 1.98 16.82 7.00 0.70 3.15 187.2 24,110  

S_1mm_8 8.50 1.97 16.77 4.95 0.50 2.23 132.8 2,000,000 X 

S_1mm_8.1 8.50 1.97 16.77 8.00 0.80 3.60 214.6 8,643  

S_1mm_9 8.52 1.99 16.92 5.30 0.53 2.39 140.9 483,252  

S_1mm_10 8.49 1.97 16.75 5.30 0.53 2.39 142.4 374,787  

2
m

m
 n

o
tc

h
es

 

S_2mm_1 8.49 1.96 16.68 4.00 0.40 1.80 107.9 496,775  

S_2mm_2 8.5 1.93 16.66 4.80 0.48 2.16 129.7 291,168  

S_2mm_3 8.49 1.97 16.75 4.00 0.40 1.80 107.5 2,000,000 X 

S_2mm_3.1 8.49 1.97 16.75 6.80 0.68 3.06 182.7 10,000  

S_2mm_4 8.49 1.97 16.78 4.80 0.48 2.16 128.8 185,460  

S_2mm_5 8.48 1.98 16.82 5.00 0.50 2.25 133.8 136,806  

S_2mm_6 8.49 1.98 16.82 5.00 0.50 2.25 133.8 155,536  

S_2mm_7 8.48 1.96 16.71 6.00 0.60 2.70 161.6 26,734  

S_2mm_8 8.49 2.19 17.80 6.00 0.60 2.70 151.7 23,547  

S_2mm_9 8.47 1.96 16.72 4.00 0.40 1.80 107.7 2,000,000 X 

S_2mm_9.1 8.47 1.96 16.72 6.80 0.68 3.06 183.0 8,606  

S_2mm_10 8.47 1.97 16.66 4.10 0.41 1.85 110.7 2,000,000 X 

 S_2mm_10.1 8.47 1.97 16.66 6.50 0.65 2.93 175.5 12,105  

3
m

m
 n

o
tc

h
es

 

S_3mm_1 8.50 1.96 16.63 5.00 0.50 2.25 135.3 27529  

S_3mm_2 8.51 1.95 16.59 5.00 0.50 2.25 135.6 31457  

S_3mm_3 8.48 1.96 16.65 4.00 0.40 1.80 108.1 208275  

S_3mm_4 8.46 1.96 16.58 4.00 0.40 1.80 108.6 210278  

S_3mm_5 8.49 1.99 16.87 5.50 0.55 2.48 146.7 7826  

S_3mm_6 8.48 1.96 16.59 3.30 0.33 1.49 89.5 2,000,000 X 

S_3mm_6.1 8.48 1.96 16.59 5.70 0.57 2.57 154.7 12684  

S_3mm_7 8.48 1.97 16.68 3.50 0.35 1.58 94.4 481826  

S_3mm_8 8.46 1.96 16.58 4.00 0.40 1.80 108.6 196032  

S_3mm_9 8.49 1.95 16.55 3.40 0.34 1.53 92.5 519988  

S_3mm_10 8.46 1.96 16.59 3.40 0.34 1.53 92.2 540895  
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Table 7 Summary of the uniaxial fatigue tests generated by testing notched brass specimens in tension 

(R=0.10) and at a frequency of 10Hz 

  

Specimen 

Reference 

Fatigue test results 

Wav 

[mm] 

dav 

[mm] 

Agross 

 

[mm2] 

Load 

max 

[KN] 

Load 

min 

[KN] 

Load 

Amp. 

[KN] 

σi 

[MPa] 

Nf  

[cycles] 

Runout 

1
m

m
 n

o
tc

h
es

 

B_1mm_1 8.52 1.94 16.56 3.10 0.31 1.40 84.2 541,945.00  

B_1mm_2 8.50 1.96 16.68 3.60 0.36 1.62 97.1 161,869.00  

B_1mm_3 8.53 1.96 16.68 4.00 0.40 1.80 107.9 65,518.00  

B_1mm_4 8.54 1.96 16.77 3.00 0.30 1.35 80.5 530,996.00  

B_1mm_5 8.54 1.97 16.79 4.20 0.42 1.89 112.6 55,514.00  

B_1mm_6 8.53 1.95 16.60 2.80 0.28 1.26 75.9 1,903,387.00  

B_1mm_7 8.52 1.95 16.58 3.10 0.31 1.40 84.1 739,815.00  

B_1mm_8 8.52 1.96 16.69 3.60 0.36 1.62 97.1 121,909.00  

B_1mm_9 8.53 1.96 16.74 4.00 0.40 1.80 107.5 74,827.00  

B_1mm_10 8.53 1.96 16.68 3.00 0.30 1.35 80.9 776,713.00  

2
m

m
 n

o
tc

h
es

 

B_2mm_1 8.53 1.95 16.66 2.80 0.28 1.26 75.7 292,589.00  

B_2mm_2 8.51 1.95 16.62 3.10 0.31 1.40 83.9 178,161.00  

B_2mm_3 8.51 1.96 16.68 2.40 0.24 1.08 64.8 2000000.00 X 

B_2mm_3.1 8.51 1.96 16.68 3.50 0.35 1.58 94.4 36,739.00  

B_2mm_4 8.53 1.95 16.61 2.60 0.26 1.17 70.5 337,359.00  

B_2mm_5 8.50 1.96 16.66 2.50 0.25 1.13 67.5 732,233.00  

B_2mm_6 8.51 1.95 16.59 2.50 0.25 1.13 67.8 460,968.00  

B_2mm_7 8.52 1.95 16.59 2.60 0.26 1.17 70.5 359,750.00  

B_2mm_8 8.51 1.95 16.62 2.80 0.28 1.26 75.8 240,122.00  

B_2mm_9 8.49 1.96 16.65 3.10 0.31 1.40 83.8 130,672.00  

B_2mm_10 8.51 1.95 16.62 3.50 0.35 1.58 94.8 59,018.00  

3
m

m
 n

o
tc

h
es

 

B_3mm_1 8.53 1.97 16.83 2.50 0.25 1.13 66.9 196,858.00  

B_3mm_2 8.53 1.94 16.58 2.50 0.25 1.13 67.8 194,403.00  

B_3mm_3 8.53 1.97 16.78 2.20 0.22 0.99 59.0 676,739.00  

B_3mm_4 8.52 1.96 16.71 2.70 0.27 1.22 72.7 140,561.00  

B_3mm_5 8.52 1.95 16.61 2.20 0.22 0.99 59.6 410,938.00  

B_3mm_6 8.51 1.96 16.68 2.05 0.21 0.92 55.3 507,491.00  

B_3mm_7 8.51 1.95 16.57 2.05 0.21 0.92 55.7 706,821.00  

B_3mm_8 8.52 1.96 16.71 1.95 0.20 0.88 52.5 1,568,334.00  

B_3mm_9 8.52 1.93 16.42 1.95 0.20 0.88 53.4 616,481.00  

B_3mm_10 8.52 1.96 16.69 2.80 0.28 1.26 75.5 109,362.00  
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Table 8 Summary of the uniaxial fatigue tests generated by testing circular notched cast iron 

specimens in tension (R=0.10) and at a frequency of 10Hz 

  

Specimen 

Reference 

Fatigue test results 

Wav 

[mm] 

dav 

[mm] 

Agross 

 

[mm2] 

Load 

max 

[KN] 

Load 

min 

[KN] 

Load 

Amp. 

[KN] 

σi 

[MPa] 

Nf  

[cycles] 

Runout 

1
m

m
 n

o
tc

h
es

 

CI_1mm_1 8.48 1.95 16.54 1.30 0.13 0.59 35.4 2000000 X 

CI_1mm_1.1 8.48 1.95 16.54 2.00 0.20 0.90 54.4 8,798  

CI_1mm_2 8.50 1.95 16.60 1.70 0.17 0.77 46.1 132,604  

CI_1mm_3 8.51 1.97 16.74 1.90 0.19 0.86 51.1 8,442  

CI_1mm_4 8.51 1.95 16.60 1.50 0.15 0.68 40.7 2000000 X 

CI_1mm_4.1 8.51 1.95 16.60 2.10 0.21 0.95 56.9 5,176  

CI_1mm_5 8.50 1.95 16.58 1.60 0.16 0.72 43.4 24,487  

CI_1mm_6 8.49 1.98 16.84 1.60 0.16 0.72 42.8 963,511  

CI_1mm_7 8.51 1.95 16.59 1.60 0.16 0.72 43.4 303,117  

CI_1mm_8 8.49 1.95 16.58 1.55 0.16 0.70 42.1 68,918  

CI_1mm_9 8.49 1.94 16.50 1.55 0.16 0.70 42.3 67,485  

CI_1mm_10 8.51 1.96 16.67 1.60 0.16 0.72 43.2 39,080  

2
m

m
 n

o
tc

h
es

 

CI_2mm_1 8.50 1.95 16.55 0.70 0.07 0.32 19.0 2000000 X 

CI_2mm_1.1 8.50 1.95 16.55 2.00 0.20 0.90 54.3 406  

CI_2mm_2 8.49 1.95 16.56 1.60 0.16 0.72 43.5 16,266  

CI_2mm_3 8.49 1.97 16.70 1.20 0.12 0.54 32.3 347,842  

CI_2mm_4 8.50 1.95 16.60 1.00 0.10 0.45 27.1 2000000 X 

CI_2mm_4.1 8.50 1.95 16.60 1.80 0.18 0.81 48.8 645  

CI_2mm_5 8.50 1.94 16.51 1.10 0.11 0.50 29.9 563,403  

CI_2mm_6 8.51 1.95 16.59 1.10 0.11 0.50 29.8 2000000 X 

CI_2mm_6.1 8.51 1.95 16.59 1.70 0.17 0.77 46.1 4,025  

CI_2mm_7 8.48 1.96 16.62 1.20 0.12 0.54 32.5 2000000  

CI_2mm_8 8.50 1.95 16.55 1.20 0.12 0.54 32.6 2000000 X 

CI_2mm_8.1 8.50 1.95 16.55 1.70 0.17 0.77 46.2 1,183  

CI_2mm_9 8.50 1.96 16.63 1.30 0.13 0.59 35.2 110,298  

CI_2mm_10 8.51 1.95 16.57 1.30 0.13 0.59 35.3 64,586  

3
m

m
 n

o
tc

h
es

 

CI_3mm_1 8.48 1.96 16.65 1.50 0.15 0.68 40.5 1,708  

CI_3mm_2 8.50 1.97 16.71 1.00 0.10 0.45 26.9 137,409  

CI_3mm_3 8.50 1.95 16.54 0.80 0.08 0.36 21.8 2000000 X 

CI_3mm_3.2 8.50 1.95 16.54 1.50 0.15 0.68 40.8 1,455  

CI_3mm_4 8.50 1.95 16.60 0.90 0.09 0.41 24.4 2000000 X 

CI_3mm_4.1 8.50 1.95 16.60 1.40 0.14 0.63 37.9 5,641  

CI_3mm_5 8.52 1.96 16.73 0.95 0.10 0.43 25.6 174,677  

CI_3mm_6 8.52 1.97 16.75 0.92 0.09 0.41 24.7 660,480  

CI_3mm_7 8.53 1.96 16.74 0.95 0.10 0.43 25.5 2000000 X 

CI_3mm_7.1 8.53 1.96 16.74 1.40 0.14 0.63 37.6 2,933  

CI_3mm_8 8.50 1.93 16.37 0.92 0.09 0.41 25.3 159,794  

CI_3mm_9 8.53 1.97 16.84 1.00 0.10 0.45 26.7 2000000 X 

CI_3mm_9.1 8.53 1.97 16.84 1.40 0.14 0.63 37.4 4,988  

CI_3mm_10 8.52 1.94 16.52 1.00 0.10 0.45 27.2 187,383  
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Appendix B – Statistics of Fatigue data 

Calculate the mean S-N curve by using equation 4-13 

σ0,50% = [
10C0

NA
]

1

k
  

The constants in the above equation are calculated as: 

 𝐶0 =  𝑙𝑜𝑔𝑁𝑖
̅̅ ̅̅ ̅̅ ̅ −  𝐶1𝑙𝑜𝑔𝜎𝑖

̅̅ ̅̅ ̅̅ ̅  

And  

 𝐶1 =  
∑ [𝑙𝑜𝑔 (𝜎𝑖)−𝑙𝑜𝑔𝜎𝑖̅̅ ̅̅ ̅̅ ̅̅ ][𝑙𝑜𝑔 (𝑁𝑖)− 𝑙𝑜𝑔𝑁𝑖̅̅ ̅̅ ̅̅ ̅̅ ]  𝑛

𝑖=1  

∑ [𝑙𝑜𝑔 (𝜎𝑖)−𝑙𝑜𝑔𝜎𝑖̅̅ ̅̅ ̅̅ ̅̅ ]2𝑛
𝑖=1  

  

𝑘 =  − 𝐶1  

Then choose any arbitrary number of cycles and estimate the corresponding stress. The line linking 

these two points estimates the mean S-N curve in accordance with equation 4-2. 

Calculate the scatter factors according to each of the approaches: 

ASTM:  

𝐾𝐷(𝐴𝑆𝑇𝑀) = √2𝐹𝑝 (1 +
1

𝑛
)  

IIW:  

𝐾𝐷(𝐼𝐼𝑊) = t√1 +
1

𝑛
  

LRM:  

𝐾𝐷(𝐿𝑅𝑀) = q. s  

s2 =
∑ (𝐿𝑜𝑔𝑁𝑓−𝐿𝑜𝑔𝑁𝑖)

2𝑛
𝑖=1

𝑛−1
  or  

s2 =
∑ (𝐿𝑜𝑔𝑁𝑓−𝐿𝑜𝑔𝑁𝑖)

2𝑛
𝑖=1

𝑛−2
  depending on the approach used. 

The scatter band estimated for the various approaches by using the equation: 

𝜏𝜎(𝐿𝑀) =
𝜎0,(1−𝑃)%(𝐿𝑀)

𝜎0,𝑃%(𝐿𝑀)
 

Values for the characteristic values of the distributions are either read off statistical tables (like in the 

LRM approach) of estimated numerically using the statistical function in excel. 
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Estimation of the characteristic values of the t-distribution using statistical function in excel: 

𝑡𝑠 = 𝑇. 𝐼𝑁𝑉. 2𝑇(𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦, 𝐷𝑒𝑔 𝑜𝑓 𝑓𝑟𝑒𝑒𝑑𝑜𝑚) 

Estimation of the characteristic value for the F-distribution using the statistical function in excel: 

𝐹𝑝 = 𝐹. 𝐼𝑁𝑉. 𝑅𝑇(𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦, 𝐷𝑒𝑔 𝑜𝑓 𝑓𝑟𝑒𝑒𝑑𝑜𝑚1, 𝐷𝑒𝑔 𝑜𝑓 𝑓𝑟𝑒𝑒𝑑𝑜𝑚2) 

Calculating the characteristic value of F-distribution manually 

 𝐹𝑝𝑐𝑟𝑖𝑡 =
∑

𝑚𝑖(𝑙𝑜𝑔(𝑁𝑓𝑖) −  𝑙𝑜𝑔𝑁̅̅ ̅̅ ̅̅
�̅�𝑖)

2

(𝑙 − 2)
𝑙
𝑖=1

∑ ∑
(𝑙𝑜𝑔(𝑁𝑓𝑖𝑗) −  𝑙𝑜𝑔𝑁̅̅ ̅̅ ̅̅

�̅�𝑖𝑗  )2

𝑛 − 𝑙
𝑚𝑖
𝑗=1

𝑛
𝑖=1

   

where log𝑁𝑓𝑖𝑗 (𝑖 =  1. . 𝑙 and 𝑗 =  1 . . 𝑚) is the logarithm of life at the replication level 

Mean S-N curve and scatter bands from the various approaches 

1) ASTM  

𝜎0,𝑃%(𝐴𝑆𝑇𝑀) = [
10(𝐶0−𝐾𝐷(𝐴𝑆𝑇𝑀)𝑠)

𝑁𝐴
]

1
𝑘

 

𝜎0,(1−𝑃)%(𝐴𝑆𝑇𝑀) = [
10(𝐶0+𝐾𝐷(𝐴𝑆𝑇𝑀)𝑠)

𝑁𝐴
]

1
𝑘

 

𝜏𝜎(𝐴𝑆𝑇𝑀) =
𝜎0,(1−𝑃)%(𝐴𝑆𝑇𝑀)

𝜎0,𝑃%(𝐴𝑆𝑇𝑀)
 

2) IIW  

𝜎0,𝑃%(𝐼𝐼𝑊) = [
10(𝐶0−𝐾𝐷(𝐼𝐼𝑊)𝑠)

𝑁𝐴
]

1
𝑘

 

𝜎0,(1−𝑃)%(𝐼𝐼𝑊) = [
10(𝐶0+𝐾𝐷(𝐼𝐼𝑊)𝑠)

𝑁𝐴
]

1
𝑘

 

𝜏𝜎(𝐼𝐼𝑊) =
𝜎0,(1−𝑃)%(𝐼𝐼𝑊)

𝜎0,𝑃%(𝐼𝐼𝑊)
 

3) LRM 
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𝜎0,𝑃%(𝐿𝑀) =  𝜎0 [
𝑁𝐴

10𝑙𝑜𝑔 (𝑁𝐴 )+𝑞𝑠 
]

1
𝑘
 

𝜎0,(1−𝑃)%(𝐿𝑀) =  𝜎0 [
𝑁𝐴

10𝑙𝑜𝑔 (𝑁𝐴 )−𝑞𝑠 
]

1
𝑘
 

𝜏𝜎(𝐿𝑀) =
𝜎0,(1−𝑃)%(𝐿𝑀)

𝜎0,𝑃%(𝐿𝑀)
 

Statistical Parametric tests 

Test for homogenous fatigue data sets 

sn
2

sd
2

− Fcrit(1 − β, fn, fd) < 0 

Test for parallel lines 

tC1
=

|C1,1 − C1,2|

√(
1

∑ (logσi,1 − logσi,1
̅̅ ̅̅ ̅̅ ̅̅ )

2n1
i=1

+
1

∑ (logσi,2 − logσi,2
̅̅ ̅̅ ̅̅ ̅̅ )

2n2
i=1

) se

 

tC1
− tβ) < 0 

Test for collinear lines  

t(δ) =
|(logN1,i

̅̅ ̅̅ ̅̅ ̅̅ ̅ − logN2,i
̅̅ ̅̅ ̅̅ ̅̅ ̅) − C1(logσ1,i

̅̅ ̅̅ ̅̅ ̅̅ − logσ2,i
̅̅ ̅̅ ̅̅ ̅̅  )|

√[
1
n1

+
1

n2
+

(logσ1,i
̅̅ ̅̅ ̅̅ ̅̅ − logσ2,i

̅̅ ̅̅ ̅̅ ̅̅  )
2

∑ (logσi,1 − logσi,1
̅̅ ̅̅ ̅̅ ̅̅ )

2n1
i=1 + ∑ (logσi,2 − logσi,2

̅̅ ̅̅ ̅̅ ̅̅ )
2n2

i=1

] se

 

/t(δ) − tβ/≤ 0 
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 Appendix C – Fracture Surfaces plain specimen 

Plan ex-service X52 steel  

 
Specimen ID: S_3m_2 
σi = 234.7MPa 
Nf = 104,268 Cycles 

 
Specimen ID: S_5m_8 
σi = 261.3MPa 
Nf = 6,974 Cycles 

 
Specimen ID: S_9m_5 
σi = 227.3MPa 
Nf = 284,899 Cycles 

 
Plan ex-service X52 welded steel 

 
Specimen ID: WS_1_5 
σi = 256.9MPa 
Nf = 1,478 Cycles 

 
Specimen ID: WS_1_4 
σi = 233.6MPa 
Nf = 209,135 Cycles 

 
Specimen ID: WS_9m_3 
σi = 233.9MPa 
Nf = 218,997 Cycles 

 
Specimen ID: WS_1_3 
σi = 242.2MPa 
Nf = 67,901 Cycles 

 
Specimen ID: WS_2_5 
σi = 254.5MPa 
Nf = 3,392 Cycles 

 

 
Plan ex-service cast iron 

 
Specimen ID: CI_9m_6 
σi = 51.6MPa 
Nf = 116,392 Cycles 

 
Specimen ID: CI_3m_6 
σi = 55.9MPa 
Nf = 87,109 Cycles 

 
Specimen ID: CI_9m_1 
σi = 65.9MPa 
Nf = 1,583 Cycles 

 
Plan brass 

 
Specimen ID: Br_2_2 
σi = 178.1MPa 
Nf = 13 Cycles 

 

 
Specimen ID: Br_9m_8 
σi = 140.7MPa 
Nf = 364,987 Cycles 

Figure 1 Randomly selected failure surfaces of some plain specimens after fatigue tests from 

an optical camera with a 2x magnification 
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Appendix A1 Failed hydrogen charged and uncharged specimens 
Welded Steel 

 

 
WS_1_1 

𝜎[MPa]=233.78 

𝑁𝑓[Cycles] =170697 

  
WS_1_2 

𝜎[MPa]=228.99 

𝑁𝑓[Cycles] =721722 

 
WS_1_3 

𝜎[MPa]=242.22 

𝑁𝑓[Cycles]=67901 

 
WS_1_4 

𝜎[MPa]=233.62 

𝑁𝑓[Cycles]=209135 

 
WS_1_5 

𝜎[MPa]=256.88 

𝑁𝑓[Cycles]=1478 

 
WS_2_2 

𝜎[MPa]=248.40 

𝑁𝑓[Cycles]=65449 

 
WS_2_3 

𝜎[MPa]=247.60 

𝑁𝑓[Cycles]=26409 

 
WS_2_4 

𝜎[MPa]=241.33 

𝑁𝑓[Cycles]=258298 

 
WS_2_5 

𝜎[MPa]=254.54 

𝑁𝑓[Cycles]=3392 

 
WS_2_7 

𝜎[MPa]=257.68 

𝑁𝑓[Cycles]=47 

 
WS_2_8 

𝜎[MPa]=250.22 

𝑁𝑓[Cycles]=1272 

 
WS_2_9 

𝜎[MPa]=243.36 

𝑁𝑓[Cycles]=641747 

 
WS_2_10 

𝜎[MPa]=232.23 

𝑁𝑓[Cycles]=1192184 

 
WS_2_11 

𝜎[MPa]=227.17 

𝑁𝑓[Cycles]=375513 

 
WS_2_13 

𝜎[MPa]=242.82 

𝑁𝑓[Cycles]=3141 

 
WS_2_14 

𝜎[MPa]=233.23 

𝑁𝑓[Cycles]=49409 
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WS_3m_1 

𝜎[MPa]=243.91 

𝑁𝑓[Cycles]=36126 

 
WS_3m_2 

𝜎[MPa]=3239.96 

𝑁𝑓[Cycles]=83914 

 
WS_3m_3 

𝜎[MPa]=231.92 

𝑁𝑓[Cycles]=27987 

 
WS_3m_4 

𝜎[MPa]=226.98 

𝑁𝑓[Cycles]=6793 

 
WS_3m_5 

𝜎[MPa]=237.03 

𝑁𝑓[Cycles]=492367 

 
WS_3m_6 

𝜎[MPa]=243.48 

𝑁𝑓[Cycles]=4943 

 
WS_3m_7 

𝜎[MPa]=237.96 

𝑁𝑓[Cycles]=6411 

 
WS_3m_11 

𝜎[MPa]=233.02 

𝑁𝑓[Cycles]=29217 

 
WS_3m_9 

𝜎[MPa]=227.15 

𝑁𝑓[Cycles]=429447 

  
WS_3m_10 

𝜎[MPa]=237.03 

𝑁𝑓[Cycles]=94888 

  

 
WS_9m_1 

𝜎[MPa]=250.77 

𝑁𝑓[Cycles]=186 

 
WS_9m_2 

𝜎[MPa]=243.26 

𝑁𝑓[Cycles]=941 

 
WS_9m_3 

𝜎[MPa]=233.90 

𝑁𝑓[Cycles]=218997 

 
WS_9m_4 

𝜎[MPa]=230.89 

𝑁𝑓[Cycles]=143660 

 
WS_9m_6 

𝜎[MPa]=237.67 

𝑁𝑓[Cycles]=76994 

 
WS_9m_7 

𝜎[MPa]=232.42 

𝑁𝑓[Cycles]=48563 

 
WS_9m_8 

𝜎[MPa]=237.49 

𝑁𝑓[Cycles]=21633 

 
WS_9m_9 

𝜎[MPa]=232.10 

𝑁𝑓[Cycles]=20962 
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WS_9m_10 

𝜎[MPa]=233.91 

𝑁𝑓[Cycles]=172687 

   

 

Steel 

 
S_1_2 

𝜎[MPa]=239.15 

𝑁𝑓[Cycles]=206621 

 
S_1_3 

𝜎[MPa]=263.31 

𝑁𝑓[Cycles]=992 

 
S_1_4 

𝜎[MPa]=241.02 

𝑁𝑓[Cycles]=150677 

 
S_2_1 

𝜎[MPa]=226.31 

𝑁𝑓[Cycles]=1214072 

 
S_2_2 

𝜎[MPa]=228.68 

𝑁𝑓[Cycles]=408035 

 
S_2_4 

𝜎[MPa]=236.90 

𝑁𝑓[Cycles]=185381 

 
S_2_5 

𝜎[MPa]=241.48 

𝑁𝑓[Cycles]=120477 

 
S_2_6 

𝜎[MPa]=251.05 

𝑁𝑓[Cycles]=3196 

 
S_2_7 

𝜎[MPa]=255 

𝑁𝑓[Cycles]=2223 

 
S_2_8 

𝜎[MPa]=231.70 

𝑁𝑓[Cycles]=450485 

 
S_2_9 

𝜎[MPa]= 238.84 

𝑁𝑓[Cycles]=99367 

 
S_2_10 

𝜎[MPa]=243.91 

𝑁𝑓[Cycles]=45777 

 
S_2_11 

  
S_2_13 
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𝜎[MPa]= 251.75 

𝑁𝑓[Cycles]=1917 

S_2_12 

𝜎[MPa]=228.87 

𝑁𝑓[Cycles]=416095 

𝜎[MPa]=239.64 

𝑁𝑓[Cycles]=119636 

S_2_14 

𝜎[MPa]=246.19 

𝑁𝑓[Cycles]=6576 

 
S_2_15 

𝜎[MPa]=228.56 

𝑁𝑓[Cycles]=552564 

 
S_5m_1 

𝜎[MPa]=258.95 

𝑁𝑓[Cycles]=64490 

 
S_5m_2 

𝜎[MPa]=233.46 

𝑁𝑓[Cycles]=120626 

 
S_5m_3 

𝜎[MPa]=263.03 

𝑁𝑓[Cycles]=3833 

 
S_m_4 

𝜎[MPa]=234.80 

𝑁𝑓[Cycles]=140970 

 
S_5m_5 

𝜎[MPa]=225.57 

𝑁𝑓[Cycles]=186453 

 
S_5m_6 

𝜎[MPa]=243.60 

𝑁𝑓[Cycles]=44393 

 
S_5m_7 

𝜎[MPa]=240.78 

𝑁𝑓[Cycles]=110699 

 
S_5m_8 

𝜎[MPa]=261.32 

𝑁𝑓[Cycles]=6974 

 
S_5m_9 

𝜎[MPa]=240.83 

𝑁𝑓[Cycles]=144385 

 
S_5m_10 

𝜎[MPa]=233.80 

𝑁𝑓[Cycles]=208574 

 
S_5m_11 

𝜎[MPa]=252.15 

𝑁𝑓[Cycles]=310422 

 
S_5m_12 

𝜎[MPa]=248.51 

𝑁𝑓[Cycles]=166398 

 
S_5m_13 

𝜎[MPa]=285.48 

𝑁𝑓[Cycles]=3589 

 
S_5m_14 

𝜎[MPa]=238.89 

𝑁𝑓[Cycles]=102534 

 
S_5m_15 

𝜎[MPa]=220.69 

𝑁𝑓[Cycles]=189283 
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S_3m_1 

𝜎[MPa]=241.82 

𝑁𝑓[Cycles]= 

 
S_3m_2 

𝜎[MPa]=234.72 

𝑁𝑓[Cycles]=104682 

 
S_3m_3 

𝜎[MPa]=249.06 

𝑁𝑓[Cycles]=3516 

 
S_3m_4 

𝜎[MPa]=228.07 

𝑁𝑓[Cycles]=211179 

 
S_3m_5 

𝜎[MPa]=228.94 

𝑁𝑓[Cycles]=296724 

 
S_3m_7 

𝜎[MPa]=242.53 

𝑁𝑓[Cycles]=6273 

 
S_3m_8 

𝜎[MPa]=244.35 

𝑁𝑓[Cycles]=3170 

 
S_3m_9 

𝜎[MPa]=234.86 

𝑁𝑓[Cycles]=101709 

 
S_3m_10 

𝜎[MPa]=254.24 

𝑁𝑓[Cycles]=923 

 
S_3m_11 

𝜎[MPa]=232.85 

𝑁𝑓[Cycles]=278971 

 
S_3m_12 

𝜎[MPa]=229.90 

𝑁𝑓[Cycles]=231417 

 
S_3m_14 

𝜎[MPa]=247.89 

𝑁𝑓[Cycles]=2770 

 
S_3m_15 

𝜎[MPa]=241.06 

𝑁𝑓[Cycles]=8604 

 
S_3m_16 

𝜎[MPa]=238.41 

𝑁𝑓[Cycles]=13534 

 
S_3m_17 

𝜎[MPa]=221.41 

𝑁𝑓[Cycles]=715762 
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S_9m_1 

𝜎[MPa]=245.11 

𝑁𝑓[Cycles]=16133 

 
S_9m_2 

𝜎[MPa]=240.09 

𝑁𝑓[Cycles]=98744 

 
S_9m_3 

𝜎[MPa]=253.28 

𝑁𝑓[Cycles]=1644 

 
S_9m_4 

𝜎[MPa]=231.50 

𝑁𝑓[Cycles]=124372 

 
S_9m_5 

𝜎[MPa]=227.30 

𝑁𝑓[Cycles]=284899 

 
S_9m_6 

𝜎[MPa]=246.09 

𝑁𝑓[Cycles]=14382 

 
S_9m_7 

𝜎[MPa]=239.08 

𝑁𝑓[Cycles]=85856 

 
S_9m8 

𝜎[MPa]=252.13 

𝑁𝑓[Cycles]=2680 

 
S_9m_9 

𝜎[MPa]=230.03 

𝑁𝑓[Cycles]=219910 

   

 

Cast Iron 

 
AA4 

𝜎[MPa]=76.43 

𝑁𝑓[Cycles]=751 

 
AA5 

𝜎[MPa]=69.98 

𝑁𝑓[Cycles]=1690 

 
AA6 

𝜎[MPa]=55.67 

𝑁𝑓[Cycles]=14745 

 
AA7 

𝜎[MPa]=46.56 

𝑁𝑓[Cycles]=142029 
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AA9 

𝜎[MPa]=51.04 

𝑁𝑓[Cycles]=197025 

 
CI_1_2  

𝜎[MPa]=51.69 

𝑁𝑓[Cycles]=66103 

 
CI_1_3 

𝜎[MPa]=56.28 

𝑁𝑓[Cycles]=23930 

 
CI_1_4 

𝜎[MPa]=61.01 

𝑁𝑓[Cycles]=16839 

 
CI_2_2 

𝜎[MPa]=69.80 

𝑁𝑓[Cycles]=2101 

 
CI_2_3 

𝜎[MPa]=60.45 

𝑁𝑓[Cycles]=18501 

 
CI_2_4 

𝜎[MPa]=64.81 

𝑁𝑓[Cycles]=5651 

 
CI_2_6 

𝜎[MPa]=64.62 

𝑁𝑓[Cycles]=2264 

 
CI_2_7 

𝜎[MPa]=55.35 

𝑁𝑓[Cycles]=7987 

 
CI_2_8 

𝜎[MPa]=51.06 

𝑁𝑓[Cycles]=17621 

 
CI_2_9 

𝜎[MPa]=46.38 

𝑁𝑓[Cycles]=14235 

 
CI_3m_1 

𝜎[MPa]=65.71 

𝑁𝑓[Cycles]=11533 

 
CI_3m_2 

𝜎[MPa]=55.59 

𝑁𝑓[Cycles]=21186 

 
CI_3m_3 

𝜎[MPa]=50.50 

𝑁𝑓[Cycles]=23660 

 
CI_3m_5 

𝜎[MPa]=65.24 

𝑁𝑓[Cycles]=3396 

 
CI_3m_6 

𝜎[MPa]=55.99 

𝑁𝑓[Cycles]=87109 
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CI_3m_7 

𝜎[MPa]=52.08 

𝑁𝑓[Cycles]=127020 

 
CI_3m_8 

𝜎[MPa]=48.93 

𝑁𝑓[Cycles]=158005 

 
CI_3m_9 

𝜎[MPa]=51.80 

𝑁𝑓[Cycles]=44033 

 
CI_3m_10 

𝜎[MPa]=65.54 

𝑁𝑓[Cycles]=5280 

 

Brass 

 
Br_2_1 

𝜎[MPa]=192.22 

𝑁𝑓[Cycles]=8 

 
Br_2_2 

𝜎[MPa]=178.07 

𝑁𝑓[Cycles]=13 

 
Br_2_3 

𝜎[MPa]=164.44 

𝑁𝑓[Cycles]=131262 

 
Br_2_4 

𝜎[MPa]=145.71 

𝑁𝑓[Cycles]=87888 

 
Br_2_1 

𝜎[MPa]=192.22 

𝑁𝑓[Cycles]=8 

  
Br_9m_1 

𝜎[MPa]= 

𝑁𝑓[Cycles]= 

 
Br_9m_2 

𝜎[MPa]= 

𝑁𝑓[Cycles]= 

 
Br_9m_3 

𝜎[MPa]= 

𝑁𝑓[Cycles]= 

 
Br_9m_4 

𝜎[MPa]= 

𝑁𝑓[Cycles]= 

 
Br_9m_5 

𝜎[MPa]= 

𝑁𝑓[Cycles]= 

 
Br_9m_6 

𝜎[MPa]= 

𝑁𝑓[Cycles]= 

 
Br_9m_7 

𝜎[MPa]= 

𝑁𝑓[Cycles]= 
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Br_9m_8 

𝜎[MPa]= 

𝑁𝑓[Cycles]= 

 
Br_9m_9 

𝜎[MPa]= 

𝑁𝑓[Cycles]= 

 
Br_9m_10 

𝜎[MPa]= 

𝑁𝑓[Cycles]= 
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Appendix A2 Failed notched specimens 

Br_1mm 

 

 
B_1mm_1 

𝜎[MPa]=84.2 

𝑁𝑓[Cycles] =541945 

 
B_1mm_3 

𝜎[MPa]=107.9 

𝑁𝑓[Cycles] =65518 

 
B_1mm_4 

𝜎[MPa]=80.5 

𝑁𝑓[Cycles]=530996 

 
B_1mm_5 

𝜎[MPa]=112.6 

𝑁𝑓[Cycles]=55514 

 
B_1mm_6 

𝜎[MPa]=75.9 

𝑁𝑓[Cycles]=1903387 

 
B_1mm_7 

𝜎[MPa]=84.1 

𝑁𝑓[Cycles]=739815 

 
B_1mm_8 

𝜎[MPa]=97.1 

𝑁𝑓[Cycles]=121909 

 
B_1mm_9 

𝜎[MPa]=107.5 

𝑁𝑓[Cycles]=74827 

 
B_1mm_10 

𝜎[MPa]=80.9 

𝑁𝑓[Cycles]=776713 

   

Br_2mm 

 
B_2mm_1 

𝜎[MPa]=75.7 

𝑁𝑓[Cycles]=292589 

 
B_2mm_2 

𝜎[MPa]=83.9 

𝑁𝑓[Cycles]=178161 

 
B_2mm_3 

𝜎[MPa]=94.4 

𝑁𝑓[Cycles]=36739 

 
B_2mm_4 

𝜎[MPa]=70.5 

𝑁𝑓[Cycles]=337359 
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B_2mm_5 

𝜎[MPa]=67.5 

𝑁𝑓[Cycles]=732233 

 
B_2mm_7 

𝜎[MPa]=70.5 

𝑁𝑓[Cycles]=359750 

 
B_2mm_8 

𝜎[MPa]=75.8 

𝑁𝑓[Cycles]=240122 

 
B_2mm_9 

𝜎[MPa]=83.8 

𝑁𝑓[Cycles]=130672 

 
B_2mm_10 

𝜎[MPa]=94.8 

𝑁𝑓[Cycles]=59018 

   

Br_3mm 

 
B_3mm_1 

𝜎[MPa]=66.9 

𝑁𝑓[Cycles]=196858 

 
B_3mm_2 

𝜎[MPa]=67.8 

𝑁𝑓[Cycles]=194403 

 
B_3mm_3 

𝜎[MPa]=59.0 

𝑁𝑓[Cycles]=676739 

 
B_3mm_4 

𝜎[MPa]=72.7 

𝑁𝑓[Cycles]=140561 

 
B_3mm_5 

𝜎[MPa]=59.6 

𝑁𝑓[Cycles]=410938 

 
B_3mm_6 

𝜎[MPa]=55.3 

𝑁𝑓[Cycles]=507491 

 
B_3mm_7 

𝜎[MPa]=55.7 

𝑁𝑓[Cycles]=706821 

 
B_3mm_8 

𝜎[MPa]=52.5 

𝑁𝑓[Cycles]=1568334 
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B_3mm_9 

𝜎[MPa]=53.4 

𝑁𝑓[Cycles]=616481 

   

 

CI_1mm 

 
CI_1mm_2 

𝜎[MPa]=46.1 

𝑁𝑓[Cycles]=132604 

 
CI_1mm_3 

𝜎[MPa]=51.1 

𝑁𝑓[Cycles]=8442 

 
CI_1mm_4 

𝜎[MPa]=56.9 

𝑁𝑓[Cycles]=5176 

 
CI_1mm_5 

𝜎[MPa]=43.4 

𝑁𝑓[Cycles]=24487 

 
CI_1mm_6 

𝜎[MPa]=42.8 

𝑁𝑓[Cycles]=963511 

 
CI_1mm_7 

𝜎[MPa]=43.4 

𝑁𝑓[Cycles]=303117 

 
CI_1mm_8 

𝜎[MPa]=42.1 

𝑁𝑓[Cycles]=68918 

 
CI_1mm_9 

𝜎[MPa]=42.3 

𝑁𝑓[Cycles]=39080 

CI_2mm 

 
CI_2mm_1 

𝜎[MPa]=54.4 

𝑁𝑓[Cycles]=406 

 
CI_2mm_2 

𝜎[MPa]=43.5 

𝑁𝑓[Cycles]=16266 

 
CI_2mm_3 

𝜎[MPa]=32.3 

𝑁𝑓[Cycles]=347842 

 
CI_2mm_4 

𝜎[MPa]=48.8 

𝑁𝑓[Cycles]=647 
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CI_2mm_5 

𝜎[MPa]=29.9 

𝑁𝑓[Cycles]=563403 

 
CI_2mm_6 

𝜎[MPa]=46.1 

𝑁𝑓[Cycles]=4025 

 
CI_2mm_7 

𝜎[MPa]=44.7 

𝑁𝑓[Cycles]=15354 

 
CI_2mm_8 

𝜎[MPa]=46.2 

𝑁𝑓[Cycles]=1183 

 
CI_2mm_10 

𝜎[MPa]=35.31 

𝑁𝑓[Cycles]=64586 

   

CI_3mm 

 
CI_3mm_1 

𝜎[MPa]=40.5 

𝑁𝑓[Cycles]=1708 

 
CI_3mm_10 

𝜎[MPa]=27.2 

𝑁𝑓[Cycles]=187383 

 
CI_3mm_3 

𝜎[MPa]=40.8 

𝑁𝑓[Cycles]=1455 

 
CI_3mm_4 

𝜎[MPa]=37.9 

𝑁𝑓[Cycles]=5641 

 
CI_3mm_5 

𝜎[MPa]=25.6 

𝑁𝑓[Cycles]=174677 

 
CI_3mm_6 

𝜎[MPa]=24.7 

𝑁𝑓[Cycles]=660480 

 
CI_3mm_7 

𝜎[MPa]=37.6 

𝑁𝑓[Cycles]=2933 

 
CI_3mm_8 

𝜎[MPa]=25.3 

𝑁𝑓[Cycles]=159794 
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CI_3mm_9 

𝜎[MPa]=37.4 

𝑁𝑓[Cycles]=4988 

   

 

S_1mm 

 
S_1mm_1 

𝜎[MPa]=215.2 

𝑁𝑓[Cycles]=8103 

 
S_1mm_2 

𝜎[MPa]=147.8 

𝑁𝑓[Cycles]=203115 

 
S_1mm_3 

𝜎[MPa]=136.2 

𝑁𝑓[Cycles]=1215396 

 
S_1mm_4 

𝜎[MPa]=136.9 

𝑁𝑓[Cycles]=362177 

 
S_1mm_5 

𝜎[MPa]=147.5 

𝑁𝑓[Cycles]=193751 

 
S_1mm_6 

𝜎[MPa]=188 

𝑁𝑓[Cycles]=34155 

 
S_1mm_7 

𝜎[MPa]=187.2 

𝑁𝑓[Cycles]=24110 

 
S_1mm_8 

𝜎[MPa]=214.6 

𝑁𝑓[Cycles]=8643 

 
S_1mm_9 

𝜎[MPa]=140.9 

𝑁𝑓[Cycles]=483252 

 
S_1mm_10 

𝜎[MPa]=142.4 

𝑁𝑓[Cycles]=374787 
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S_2mm 

 
S_2mm_1 

𝜎[MPa]=107.9 

𝑁𝑓[Cycles]=496775 

 
S_2mm_2 

𝜎[MPa]=129.7 

𝑁𝑓[Cycles]=291168 

 
S_2mm_3 

𝜎[MPa]=182.7 

𝑁𝑓[Cycles]=10000 

 
S_2mm_4 

𝜎[MPa]=128.8 

𝑁𝑓[Cycles]=185460 

 
S_2mm_5 

𝜎[MPa]=133.8 

𝑁𝑓[Cycles]=136806 

 
S_2mm_6 

𝜎[MPa]=133.8 

𝑁𝑓[Cycles]=155536 

 
S_2mm_7 

𝜎[MPa]=161.6 

𝑁𝑓[Cycles]=26734 

 
S_2mm_8 

𝜎[MPa]=151.7 

𝑁𝑓[Cycles]=23547 

 
S_2mm_9 

𝜎[MPa]=183.0 

𝑁𝑓[Cycles]=8606 

 
S_2mm_10 

𝜎[MPa]=175.5 

𝑁𝑓[Cycles]=12105 

  

S_3mm 

 
S_3mm_1 

𝜎[MPa]=135.3 

𝑁𝑓[Cycles]=27529 

 
S_3mm_2 

𝜎[MPa]=135.6 

𝑁𝑓[Cycles]=31457 

 
S_3mm_3 

𝜎[MPa]=108.1 

𝑁𝑓[Cycles]=208275 

 
S_3mm_4 

𝜎[MPa]=108.6 

𝑁𝑓[Cycles]=210278 
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S_3mm_5 

𝜎[MPa]=146.7 

𝑁𝑓[Cycles]=7826 

 
S_3mm_6 

𝜎[MPa]=154.7 

𝑁𝑓[Cycles]=12684 

 
S_3mm_7 

𝜎[MPa]=94.4 

𝑁𝑓[Cycles]=481826 

 
S_3mm_8 

𝜎[MPa]=108.6 

𝑁𝑓[Cycles]=196032 

 
S_3mm_9 

𝜎[MPa]=92.5 

𝑁𝑓[Cycles]=519988 

 
S_3mm_10 

𝜎[MPa]=92.2 

𝑁𝑓[Cycles]=540895 
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Appendix A3  

1) Matlab code to generate virtual S-N curves with different standard deviations 

clear; clc; close all; 
prompt = 'filename'; 
 
% Input Data 
str = input(prompt,'s'); 
a = insertAfter(str,strlength(str),".xlsx"); 
raw = readtable(a,'Sheet','Raw data'); 
convert_data = table2array(raw(:,4:5)); 
 
count = 1; 
for i = 1:length(convert_data) 
    if convert_data(count,1) >= 0 
        count = count + 1; 
    end 
end 
 
input_data = convert_data(1:count-1,1:2); 
 
% Post-processing 
log_sigma = log10(input_data(:,1)); 
log_N = log10(input_data(:,2)); 
Mean_sigma = mean(log_sigma); 
Mean_N = mean(log_N); 
Xminus_mean = log_sigma - Mean_sigma; 
Xminus_mean_square = Xminus_mean.^2; 
Yminus_mean = log_N - Mean_N; 
Yminus_mean_square = Yminus_mean.^2; 
prod_XY = Xminus_mean.*Yminus_mean; 
Sum_XminusXmean_square = sum(Xminus_mean_square); 
Sum_prodXY = sum(prod_XY); 
C1 =  Sum_prodXY/Sum_XminusXmean_square; 
C0 = Mean_N - C1 * Mean_sigma; 
k = -C1; 
Y_hat = C0 + C1 * log_sigma; 
Yminus_Y_hat_square = (log_N - Y_hat).^2; 
Sum_Yminus_Y_hat_square = sum(Yminus_Y_hat_square); 
s1 = sqrt(Sum_Yminus_Y_hat_square/(length(input_data)-1)); 
s2 = sqrt(Sum_Yminus_Y_hat_square/(length(input_data)-2)); 
 
P_50 = 10.^Y_hat; 
 
alpha = input('Please input alpha: '); 
Fp = finv(1-alpha,2,length(input_data)-2); 
t_distribution = tinv(1-alpha/2,length(input_data)-2); %one-tailed by default for 
matlab hence need divide alpha by 2 
 
raw_2 = readtable(a,'Sheet','q_table'); 
q_table = table2array(raw_2); 
 
% interpolate q value, column 2 = 90%, column 3 = 95%, column 4 = 99% 
if alpha == 0.01 
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    column = 4; 
 
elseif alpha == 0.05  
    column = 3; 
 
elseif alpha == 0.10 
    column = 2; 
 
else 
    column = 5; 
end 
     
row = find(q_table(:,1)==length(input_data)); 
q_value = q_table(row,column); 
 
scatterband_ini = 150; 
scatterband_final = 2000000; 
 
sig_ini_mean = (10^(C0)/scatterband_ini)^(1/k); 
sig_final_mean = (10^(C0)/scatterband_final)^(1/k); 
 
loglog([scatterband_ini scatterband_final],[sig_ini_mean sig_final_mean],"-- k") 
 
% loglog(P_50,input_data(:,1),"-- k") 
% xlim([10 10^7]) 
% ylim([200 300]) 
grid on 
hold on 
 
scatter(input_data(:,2),input_data(:,1),'k','filled','^') 
 
% Plot linear model 
sig_ini_1P = (10^(C0 + q_value*s1)/scatterband_ini)^(1/k); 
sig_final_1P = (10^(C0 + q_value*s1)/scatterband_final)^(1/k); 
sig_ini_99P = (10^(C0 - q_value*s1)/scatterband_ini)^(1/k); 
sig_final_99P = (10^(C0 - q_value*s1)/scatterband_final)^(1/k); 
 
 
loglog([scatterband_ini scatterband_final],[sig_ini_1P sig_final_1P]) 
loglog([scatterband_ini scatterband_final],[sig_ini_99P sig_final_99P]) 
 
 
 
 
 

 

 


