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1. INTRODUCTION, GLOBAL AIMS OF THE RESEARCH 

Pipelines for the transportation of hydrocarbons are strategically important not only within a single 

country but also between countries and, more recently, even between bigger geographical 

groupings.  Regardless of the origin, these pipeline failures typically result in longer or shorter 

disruptions to a geographic unit's energy balance.  This has the direct effect of applying various 

tiers of regulations and standards with differing purview to every phase of the pipelines' life cycle 

[1], [2]. 

Usually consisting of 12–18 m long pipe strands, transporting pipes are joined by welding, either 

longitudinally or seamlessly.  There will consequently be thousands of these girth welds, usually 

created by welding on location, along a pipeline that is several hundred kilometers long.  This 

logically means that various standards also apply to the welding jobs and the evaluation of the 

finished circumferential welds [3]. 

Assessing the integrity of an operating structure or structural element is a complex task [4]. The 

content of the term already indicates this complexity: the suitability for operation at any moment 

of its lifetime. Understanding the practical problems and tasks requires or presupposes theoretical 

knowledge, structure-specific knowledge and relevant experimental work [5], [6]. Structure-

specific knowledge includes design, technological and operational elements. 

Pipelines used to transport crude oil or natural gas over long distances and at high pressures need 

a mix of high strength and toughness, as well as good weldability, to save transportation costs. The 

use of higher-grade steel pipes with improved weldability is being advocated to improve pipeline 

transport efficiency [6], [7], [8]. As a result, a major aspect in the pipeline sector is the exploration 

and development of enhanced and creative welding procedures to meet new technical problems. 

The ability of steel to be welded, and hence its good weldability, allows for the adoption of welding 

technology in general and the manufacturing of welded pipes [10], [11], [12], [13]. Weldability, 

as a technological quality, thus dictates the application of welding production technology, which 

has been increasingly popular in recent years across all industries. Steel is one of the most common 

materials used in the manufacture of welded structures in general, and welded pipes, due to its 

welding ability and good weldability. It's worth noting that weldability is a complicated concept 

that is influenced by a variety of factors, ranging from the chemical composition of steel to its 

processing history, welding technology applied to the interaction with the environment, 

temperature, air humidity, wind intensity in an open ground, and so on. 

Girth welds play an important role during both the construction and the operation of the 

transporting pipelines[14]. Only high-quality girth welds reassure the operators of reliable function 

of the pipeline systems during their lifetime. Numerous girth welds can be found in different 

transporting systems, Table 1, Figure 1 summarizes the main characteristics (type, length and 

number of girth welds) of the Hungarian hydro-carbon transporting systems[15]. 

The loads on the girth welds are not only due to internal pressure, but also the location and the 

path as well as the construction of the pipeline, and the modifications during the operation can 

cause additional loads superposed on the internal pressure. Both base and superposed loads can be 

quasi-static and cyclical in nature. 
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Figure 1 high-pressure natural gas transmission pipelines of FGSZ Ltd. [15] 

Table 1 Main characteristics of the Hungarian hydro-carbon transporting pipelines 

systems[15], [16] 

Characteristic Value Unit 

Natural gas system ~ 6000 km 

Crude oil system ~ 850 km 

Other systems transporting liquid media ~ 1200 km 

Total length ~ 8050 km 

Average length of individual pipe sections ~ 11 m 

Girth welds ~ 732.000 item 

Because of the huge number of the girth welds the global aims of the research are as follows:  

− Investigation and analysis of the development of a measurement possibility for girth welds 

subjected to complex loads. 

− Assessment of the integrity of girth welds subjected to complex loads. 

− Exploration of operational reserves in girth welds through assessment of the hazardousness of 

different types of failures. 
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2. STEELS FOR PIPELINE APPLICATIONS 

2.1. Steel Materials and Manufacturing Innovations 

High Strength Low Alloy (HSLA) steels for structural applications in pipelines 

The requirement for greater combinations of strength, toughness, and weldability in bulk amounts 

at accessible prices has spurred the development of HSLA structural steels during the last four 

decades. Whether the applications were for energy pipelines, offshore steel structures, or ships, 

the goals were largely the same, however, the balance of requirements varied depending on the 

design or operational needs [17], [18], [19]. 

All sectors of the industry have been involved in achieving this goal: steelmakers and product 

producers, constructors, operators, and safety regulators. Many of the significant steps were 

because of these interactions, building the broad industry-based confidence necessary for making 

the often-significant investments in capital plant and industry practice; Many of the important steps 

were taken as a result of these exchanges, which helped to create the broad industry confidence 

needed to make the often-large expenditures in capital equipment and industry practice [19], [20], 

[21], [22]. 

Niobium can rightfully be considered the enabler of current, controlled processed HSLA steels 

due to the thermodynamic and kinetic properties of its carbide and nitride precipitates in steel. In 

a range of applications, these steels have undoubtedly enabled efficient and cost-effective design 

and construction technologies. For example, in the field of transportation pipelines, increases in 

the available strength level of line pipe over the last forty years (from X52 to X80, with X100 on 

the horizon) have resulted in cumulative benefits worth billions of dollars, largely because they 

were achieved without compromising industry-standard construction methods. Table 2 showing 

the tensile properties – pipe body of SMLS and welded pipes, PSL.  

The parallels and contrasts in pipeline and structural steels' steelmaking, metal forming, and 

welding processes illustrate the vast range of influences on the weld heat affected zone (HAZ). 

They also explain why so much effort has gone into gaining a better understanding of the 

relationship between microstructure and mechanical properties inside the HAZ's various zones. 

In HSLA steel weldments, similar issues apply to the weld metal. Because, in addition to all the 

issues mentioned above, the weld metal composition is a function of both the parent and 

consumable chemistries, as well as the welding process variables, the relationship between weld 

metal composition, microstructure, and mechanical properties is even more complicated than it is 

for the HAZ. 

Several articles have been written over the last 40 years to investigate the effects of various 

parameters on the characteristics and microstructure of both the HAZ and the weld metal. The goal 

of this paper is not to attempt yet another review; rather, it is to concentrate on the parent metal 

HAZ and identify some of the key trends and influencing factors that provide an overall 

understanding of first, how metallurgical and thermal conditions influence the formation of the 

HAZ microstructure, and second, how the HAZ microstructure affects critical qualities including 

weldability and toughness. 
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Table 2 Tensile Properties – Pipe Body of SMLS and Welded Pipes PSL 2[23] 

Pipe Grade Tensile Properties – Pipe Body of SMLS and Welded Pipes PSL 2 Seam of Welded Pipe 

 Yield Strengtha Tensile Strengtha Ratioa, c 
Elongation 

(on 50 mm)  
Tensile Strengthd 

 Rt0.5 (MPa) Rm (MPa) Rt0,5/Rm ( – ) Af (%) Rm (MPa) 
 Min Max Min Max Max Min Min 

BR, BN, BQ, BM 245 450 e 415 655 0.93 f 415 

X42R, X42N, X42Q, X42M 290 495 415 655 0.93 f 415 

X46N, X46Q, X46M 320 525 435 655 0.93 f 435 

X52N, X52Q, X52M 360 530 460 760 0.93 f 460 

X56N, X56Q, X56M 390 545 490 760 0.93 f 490 

X60N, X60Q, S60M 415 565 520 760 0.93 f 520 

X65Q, X65M 450 600 535 760 0.93 f 535 

X70Q, X65M 485 635 570 760 0.93 f 570 

X80Q, X80M 555 705 625 825 0.93 f 625 

X90M 625 775 695 915 0.95 f 695 

X90Q 625 775 695 915 0.97 g f 695 

X100M, X100Q 690 b 840 b 760 990 0.97 h f 760 

X120M 830 b 1050 b 915 1145 0.99 h f 915 

a. For intermediate grades, use the yield and tensile strength differences from the next 

higher grade. 

− Up to Grade X46: tensile strength ≤ 655 MPa 

− Between X46 and X80: tensile strength ≤ 760 MPa 

− Above X80: max tensile strength by interpolation (round to nearest 5 MPa) 

b. For grades above X90, Rp₀.₂ applies. 

c. Yield strength limit applies to pipes with D > 323.9 mm. 

d. For intermediate grades, weld seam tensile strength = pipe body value (per a). 

e. For longitudinal testing, max yield strength ≤ 495 MPa. 

f. Minimum elongation Af is calculated using: 

𝐴𝑓 = 𝐶
𝐴𝑥𝑐

0.2

𝑈0.9   where: 

− C = 1940 (IS units), 

− Axc depends on test piece type and size (e.g., 130 mm² for 12.7 mm dia., max 

485 mm² for others), 

− U = min tensile strength (MPa) Lower Rt₀.₅ / Rm may be agreed upon. 

g. Lower Rt₀.₅ / Rm values can be specified by agreement. 

h. For grades > X90, Rp₀.₂ / Rm applies, with lower ratios by agreement
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Steelmaking and Plate Forming Trends: 

Understanding the physical and chemical metallurgy of the steel product, and how it is influenced, 

Steelmaking and plate-forming advancements have been driven first by steelmaking and metal 

forming techniques, and then by welding methods. These steps, when combined, determine the 

final installation's integrity and reliability, ensuring that it meets the initial design requirements. 

Steelmakers around the world have invested in new production and infrastructure to meet the 

demand for low-cost, high-quality steel, resulting in substantial advancements in steelmaking 

technology. Major developments include the introduction of basic oxygen steelmaking, increases 

in process control accuracy, and reductions in Sulphur and phosphorus content through procedures 

such as ladle steelmaking and ladle refining. In addition to decreases in residual elements, overall 

composition and homogeneity control have vastly improved. 

Changes in casting technology from ingot to continuous slab, as well as further refining, have 

considerably improved product homogeneity, minimizing the consequences and quantity of 

centerline segregation. 

A second important trend is the development and refining of controlled rolling and thermo-

mechanical processing. Approximately forty years ago, pipeline plate steels were rolled under 

regulated circumstances. Controlled rolling and heat treatment were utilized in the early years to 

lower the carbon equivalent of the normalized product. The later introduction of thermo-

mechanical processing allowed for even more carbon equivalent and microalloying content 

reductions, as well as increased parent metal strength without reducing weldability. 

During the last 20 years, the development and refining of rapid cooling has increased the 

possibility to obtain strength without adding extra carbon or microalloying. 

Controlled rolling and thermo-mechanical processing were first limited to thinner products, such 

as pipeline plates, with a thickness of less than 25 mm (1 in). Because increased strength was not 

very beneficial for many offshore structural applications where plastic collapse and fatigue were 

more critical, the benefits were mostly focused on improving weldability and weld zone toughness. 

Normalizing remained an important manufacturing method only for the thickest plates, which were 

used for offshore and shipbuilding applications. 

Carbon-manganese-niobium steel was and is the original basic material. However, advancements 

in steelmaking and processing technologies have resulted in a gradual reduction in the quantity of 

niobium added; for example, between 1972 and 1981, the niobium level in offshore structural 

steels fell from around 0.05 percent to below 0.03 percent (Figure 2). 

 

Figure 2 The amount of niobium in offshore structural steel has changed [24] 

This was largely due to the more effective use of niobium, combined with better usage and control 

of rolling operations, resulting in the same grain size control effect with less alloying. It should 
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also be emphasized that at the same time span, carbon content decreased practically proportionally, 

resulting in a significantly less influence on the niobium-carbon balance. 

 

2.2. Welding Processes and Defect Management 

Welding Processes: 

The welding procedure has a significant impact on the finished installation's integrity. Much of the 

early attention on large-diameter pipelines was on achieving appropriate toughness in the 

submerged arc seam weld to give the same assurance against fracture initiation as the source metal. 

With inputs of heat 2 to 4 kJ/mm, such seam welds are normally accomplished in two passes. Once 

the significance of axial stresses coming from geomechanically produced and operational loads 

was realized, the focus shifted to manual girth weld toughness [25]. 

The development of semi-automated and mechanized welding methods, as well as the shift toward 

assessing weld flaws on a fitness-for-service basis, has raised awareness of the girth weld's 

toughness, both in terms of the weld zone and the heat affected zone (HAZ). For manual 

procedures, such welds are typically performed at heat inputs of 0.7-2 kJ/mm and 0.5-1 kJ/mm for 

automated processes [26], [27], [28]. 

Manual and semi-automatic welding procedures are commonly utilized for offshore structural 

steels, however with greater plate thickness comes more weld passes and asymmetric weld 

preparation. The desire to shorten construction times has resulted in a slightly higher range of heat 

inputs (typically 3–5 kJ/mm) than for pipeline girth welds, However, this is constrained by the 

necessity to minimize hydrogen cracking while fabrication on the one hand, and the need for 

adequate hardness in the HAZ on the other. 

The accomplishment of high weld deposition rates through high heat input welding is a primary 

requirement for shipbuilding applications. The weld zone's toughness is less essential. 

Submerged arc welds can have heat inputs of 2 – 10 kJ/mm, while electroslag welds can have heat 

inputs of 25 – 50 kJ/mm. As will be explained later, such significant heat inputs might result in 

extensive HAZs and coarse microstructures. 

 

The Weld Metal: 

The goal of this paper is not to go into great depth about the microstructure and characteristics of 

the weld metal. It's worth noting, however, that the interactions between weld metal 

microstructure, composition, and welding circumstances are more complicated than they are in the 

HAZ. 

This is because, while all the foregoing elements play a role, the chemical composition of the weld 

metal and its macro distribution in the solidified weld pool are determined by the parent and 

consumable compositions, flux activity, and welding process variables. 

Many of the same fundamental microstructural concepts that apply to the HAZ also apply to the 

weld metal. However, acicular ferrite, which consists of thin interconnecting grains with a basket-

weave look, is another essential microstructure. Its development is dependent not only on the 

presence of an acceptable distribution of fine non-metallic inclusions, but also on a correct 

combination of chemical composition and cooling rate. The flux or shielding gas composition has 

a big impact on the inclusion distribution. Following the discovery of acicular ferrite 

microstructures in weld metals in the 1970s and their associated high toughness, titanium-

containing oxide-dispersion compositions for structural steels were developed, with similar 

improved HAZ capabilities. 

Weldability - Resistance to Hydrogen-assisted Cold Cracking Approaches to Cold Cracking 

Control Have Changed Over Time 
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A study and summary of the history of approaches to cold cracking in structural and pipeline steels, 

as well as some of the accompanying testing methodologies, has been provided. These 

advancements, to a considerable part, reflect the advancements in materials that have occurred 

over the same time. The steels used for line pipe and other structural applications in the 1950s and 

early 1960s were mostly simple carbon-manganese formulations; if micro-alloying elements were 

used at all, it was only to aid in grain-size control during heat treatment of materials that could not 

achieve the specified toughness in the as-rolled condition. 

Hydrogen cracking was already known to occur within a narrow temperature range and to be 

dependent on a crucial combination of hydrogen concentration, tensile stress, and sensitive 

microstructure. However, the transformation properties of these steels, as well as the vulnerability 

of the transformed microstructures to cracking, allowed for the successful application of a crack 

prevention strategy based primarily on HAZ hardness. Hardened microstructures, for the most 

part, were so prone to cracking that their creation could only be permitted if extremely low 

hydrogen concentrations and stress levels could be ensured. In these steels, however, the variation 

in hardness (an approximate measure of crack susceptibility) with cooling rate was steep 

throughout the transformation range. Controlling the cooling rate by limiting heat input and 

thermal severity (basically, the whole thickness of the weldment accessible to transmit heat away 

from the weld) could therefore be utilized to prevent cracking.[29], [30], [31]. 

Critical hardness levels might be determined based on the hydrogen potential of the welding 

electrodes and linked to welding circumstances that would prevent cracking. The old ("IIW") 

carbon equivalent was a good technique to express the impact of chemical composition on 

hardenability. For basic joint configurations like pipeline girth welds, methods like the Controlled 

Thermal Severity (CTS) test and under-bead cracking tests were useful techniques of determining 

weldability. 

 

Cracking the Root Pass As a result of lifting or restraint 

The first approaches to cold cracking management were developed primarily for structural and 

shipbuilding purposes, thus it's only logical that they focused on thermal contraction against 

constraint as the primary source of stress. In reality extremely thorough engineering methodologies 

to calculating restraint stress have been devised and used in cracking models. 

The condition thus far has the potential for cracking within minutes of the root pass being 

deposited, and it can be controlled by paying attention to the root-bead completion, the gap 

between the root and hot passes, and preheating as needed. True delayed cracking, on the other 

hand, can occur in specific circumstances, particularly in the presence of wind and a low ambient 

temperature [32]. 

Glover and Graville provided study findings on the subject, evaluating the influence of procedural 

and meteorological variables on cracking risk. In such instances, the local stress to consider is the 

final residual stress in the completed weld, while the local hydrogen concentration must be 

monitored throughout the consecutive weld passes and subsequent cooling. 

 

2.3. Microstructural Evolution and HAZ Performance 

Microstructure Development in the Weld Zone: 

The HAZ is made up of a variety of microstructures, each of which is impacted by the heating rate, 

peak degree, and cooling rate utilized during the solidification and cooling of surrounding weld 

metal (Figure 3). 

The peak degree of weld heat inputs delivered to structural HSLA steels may be sufficient to cause 

significant coarsening of the austenite grains nearest to the fusion line. Cooling periods from 800 

C to 500 C (1470 – 930 F) can range from 15 seconds or fewer at 1 kJ/mm (25 kJ/in) to 30 seconds 
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at 5 kJ/mm (125 kJ/in) and over 200 seconds at 40 kJ/m (1000 kJ/in). The intra-granular 

microstructure can range from auto tempered martensite to ferrite-pearlite, and the equivalent 

preceding austenite grain diameters can range from 50 m to over 250 m. 

 

 

Figure 3 Microstructure of the heat-affected zone in two-pass and multiple pass welds based on 

[33] 

A multi-pass weld results in a variety of partially and totally reheated zones as the HAZ from the 

second round overlaps the HAZ from the first round (Figure 3). The most crucial zones are the 

sub-critical or intercritically reheated coarse-grained HAZ areas, where the preceding 

microstructure would either be tempered or partially retransformed and re-cooled. 

 

Heat Affected Zone with Coarse Grains: 

The interaction of the weld thermal cycle and steel composition on the microstructure of the 

coarse-grained heat affected zone has been studied extensively. 

It's hardly unexpected that the claimed effects are perplexing and often contradictory, given the 

complicated and interacting impacts of multiple alloy constituents. The following are the most 

important microstructural parameters in terms of subsequent properties: (see also Figure 3). 

 

Austenite Grain Size: 

Unless small particles such as micro-alloy carbides or nitrides constrain austenite grain formation, 

it grows fast at temperatures beyond 1000oC (1830oF). Niobium has long been used for this 

(Figure 4), but the amount utilized must be carefully monitored to ensure that the particle 

dispersion is neither too coarse nor too fine. Titanium (Figure 5), which forms a stable nitride even 
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at extreme temperatures, has recently been employed for grain growth in a variety of pipeline, 

structural, and shipbuilding steels. 

 

Figure 4 Effects of titanium, niobium, and nitrogen on the grain size of previous austenite [24]. 

 

Figure 5 TMCP stands for Thermo-Mechanical Controlled Processing, and it shows the effect of 

niobium and titanium on ferrite particle size [34]. 

Intragranular Microstructure: 

The microstructure that forms because of cooling is determined by the material's hardenability 

and, as a result, the temperature range across which the transfer from austenite to ferrite and 

carbides occurs. Manganese, chromium, molybdenum, vanadium, copper, and nickel are alloying 

elements that have an influence on this. It is also controlled by the extent to which elements like 

boron can reduce ferrite grain border nucleation, as well as the extent to which tiny particles like 

titanium oxide can enhance intra-granular ferrite nucleation. Finally, and most importantly, the 
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microstructure is determined by the carbon concentration, which affects the final microstructure's 

balance of ferrite and carbide phases. 

Figure 6 and Figure 7 show the correlations between transformation temperature and 

microstructure. At the highest transformation temperatures, ferrite tends to develop as equiaxed 

grains at the previous austenite borders and as randomly orientated grains in the core. Carbon-rich 

areas become carbide aggregates, which are relatively coarse. Grain boundary ferrite is gradually 

replaced by interior colonies of laths in parallel orientation or Widmanstätten ferrite as the 

transformation temperature decreases; discrete carbide particles form at the lath boundaries at 

higher transformation temperatures and are gradually replaced by islands of high-carbon 

martensite-austenite as the transformation temperature decreases. 

There is insufficient time for long-range carbon partitioning at the lowest transformation 

temperatures, resulting in transformation to bainite or martensite; if martensite forms, additional 

cooling may result in some auto tempering. 

 

 

Figure 6 HAZ microstructure as a function of cooling rate and hardenability [35] 

 

Figure 7 HAZ microstructure of ESW welds in ship steels as a function of transformation 

temperature [36] 

Microalloying elements can have a variety of effects on the coarse-grained microstructure of HAZ: 

− Elements that produce stable fine precipitate dispersions at high temperatures (e.g., Ti) can limit 

grain development, enhance intragranular ferrite nucleation, and expand the temperature range 

of transformation. 
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− Solid-solution elements (e.g., Mn, Ni) might reduce the transformation temperature range and 

contribute to the transformed product's solid solution hardening. 

− Elements that are largely absorbed at the peak of the weld thermal cycle and form fine carbides 

or nitrides on cooling could either promote ferrite formation (e.g., V), increase overall 

transformation temperature range, and decrease intra-lath carbide formation, or delay ferrite 

formation (e.g., Mo, Cr), lower the transformation temperature range, and start encouraging 

martensite-austenite formation. 

The solubility qualities of niobium's carbonitride, which are more soluble than titanium but less 

soluble than vanadium and molybdenum, play a unique function in determining HAZ 

microstructures. As a result, Niobium, alone among the micro-alloying elements, could act in 

several of the above ways determined by the amount present, the carbon 

value, the 'competitive' interaction with the other microalloying elements, the available nitrogen 

content, the prior manufacturing history, and the weld thermal cycle. 

Only at temperatures exceeding 1000 °C (1830 °F) does niobium carbonitride dissolve in austenite. 

Because there is insufficient time above this temperature for considerable dissolution in rapid weld 

heat cycles, the constraining effect of niobium on austenite grain development is linked to the 

previous dispersion. Dissolution occurs during the slowest weld heat cycles, followed by 

reprecipitation in austenite or ferrite. Precipitation in austenite can limit grain development and 

encourage early ferrite nucleation at grain borders. During the change to bainite, precipitation as 

ultra-fine particles can occur, limiting the breadth of bainite laths and boosting carbide aggregate 

development at the interstices. The precipitation of ultrafine particles may be reduced at moderate 

cooling rates, favoring martensite-austenite islands in the interstices. 

When the impacts of alloy composition and weld heat cycle are combined, it is evident that there 

are numerous competing and interacting influences. As a result, developing a general quantitative 

explanation of how all these microstructural influences interact to define HAZ features is a 

challenging task. Nonetheless, the fundamental impacting elements discussed above can be used 

to forecast the likely outcome of specific changes in compositional or processing characteristics. 

 

The Intercritically Reheated Coarse-grained Heat Affected Zone: 

The overlaid HAZ from the second bead causes a range of partially and totally retransformed zones 

within the original coarse-grained HAZ in multi-pass welds. The coarse-grained HAZ that has 

been intercritically reheated, in which the preceding microstructure is largely changed to austenite, 

is the most important zone in terms of HAZ characteristics. Localized regions of carbon-rich 

austenite result from the partial transformation, which are enriched further by dissolution of more 

carbon from the surrounding area and then retransformed to high-carbon twinned martensite on 

cooling. As will be seen later, these brittle 'islands,' which can be up to 5 µm in size and make up 

to 5% of the microstructure, can have a considerable impact on toughness qualities. 

Detailed studies of martensite islands in inter-critically reheated zones have revealed that, as 

expected, Individual beads' chemical composition, heat input, and relative location in the multi-

pass weld all have an impact on their production and dispersion. Increased alloy element 

concentration (for a given carbon content) increases the volume fraction of martensite islands and 

reduces the possibility that the martensite will be dissolved by following weld heat cycles in terms 

of compositional effects. 

 

Toughness of HAZ Performance 

HAZ is a coarse-grained material: The relative strengths and microstructures of the individual 

regions in the weld zone, as well as their spatial relationship to one another, determine the overall 

toughness of the HAZ. The various implications of HAZ microstructure discussed previously are 
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readily visible in a multi-pass weld. Toughness is frequently controlled by the coarse-grained 

HAZ. 

There have been several investigations of HAZ toughness during the last 40 years, and it would 

be impossible to examine them all in one study. Studies have employed multiple-pass welds, single 

beads, and weld thermal simulations, with test setups ranging from tensile and Charpy specimens 

to CTOD and broad plate combinations. Several of this research has focused on the austenite grain 

size and intra-granular microstructure to investigate the link between microstructure and 

toughness, particularly for coarse-grained HAZ. 

Many studies have shown that the size of austenite grains has a substantial impact on toughness. 

The benefits of lowering grain size for thermomechanical treated steels with a variety of basis 

microstructures are shown in Figure 8. In most cases, grain size has an indirect influence; the size 

of the 'covariant packet' or sub-grain that governs fracture initiation is proportional to the austenite 

grain size. 

 

Figure 8 Effects of grain size and microstructure on toughness [37] 

The impact of intragranular microstructure on toughness is more difficult to determine, however 

it can be illustrated by looking at the correlations between cooling rate, transformation 

temperature, carbon content, and microstructure that were established before. Figure 10a depicts 

the impact of carbon content and transformation temperature on microstructure, while Figure 10b 

depicts the impact on toughness. Although they were heavily based on test data, the pair of 

diagrams should be considered schematic rather than quantitative. Figure 10a depicts the zones in 

which various HAZ microstructural types can be found. Figure 10b illustrates the link between 

transformation temperature and hardness by showing sections of Figure 10a at three carbon 

contents: 

− Good toughness can be achieved only rarely at high carbon levels (0.21 percent), Because even 

lower bainite has low toughness, and martensite generated at low temperatures is twinned and 

fundamentally fragile in its untempered condition, very minimal auto-tempering may occur. 
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− At low carbon levels (0.07 percent), In the 460-400 °C temperature range, the poor 

microstructure found above 530 °C is slowly replaced by low bainite and auto-tempered 

martensite. As a result, good toughness can be achieved over a large range of transformation 

temperatures, and hence a wide range of weld heat inputs. 

− A similar pattern holds true for intermediate carbon levels (0.14 percent), with the exception 

that the range in which good toughness can be achieved is limited. 

The correlations shown in Figure 10 were calculated for basic C-Mn-Nb steels with no substantial 

alloy additions. The core concepts, however, have been proved to apply to a wide range of current 

steels with microalloying additions, as well as HSLA pipeline (Figure 9), structural, and 

shipbuilding steels. The degree to which the microalloying additions contribute to solid solution 

strengthening, grain size refinement, or carbonitride precipitation, there is a general ‘shift' of the 

toughness values for these steels. 

 

 

Figure 9 Correlation between FATT and cooling time for coarse-grained HAZ microstructures 

of pipeline steel [38]. 

 

Figure 10 Influence of carbon content and microstructure on HAZ microstructure and toughness 

of structural steels [39]. 

The Intercritically Reheated Zone 
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As the chemical composition and thermomechanical techniques have enhanced the toughness of 

the coarse grained HAZ, the problem of the intercritically reheated coarse-grained area has 

attracted increasing attention. As previously stated, the intercritically reheated region is known to 

have low toughness, especially if islands of martensite-austenite are present. 

In some steels, detailed studies of the occurrence and structural significance of martensite-

austenite islands have shown that the intercritically reheated region can have toughness that is at 

least as low as the coarse-grained region (Figure 11), and that the reduction in toughness is 

dependent on the volume fraction of martensite islands present. 

While the adverse effect of martensite islands in multi-pass welds can be mitigated to some extent 

by the influence of subsequent weld passes, the only effective remedy is to choose a chemical 

composition that minimizes the extent to which martensite islands can develop, a balance of carbon 

contents and microalloying additions. Empirical formulas connecting the volume fraction of 

martensite islands to alloy element concentrations have been developed in recent investigations. 

 

Figure 11 Toughness variations in simulated multipass weld HAZ microstructures(left), 

Dependence of intercritically reheated HAZ toughness on volume fraction of martensite islands 

(right) [40].
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3. FAILURE STATISTICS FOR TRANSPORTING PIPELINES 

3.1. Failure statistics for transporting pipelines 

When we talk about the transporting pipelines, it is essential to maintain high-pressure oil and gas 

pipeline systems safety because the products are dangerous. Perhaps, it will cause fire, explosion 

or poisoning and lead to substantial economic losses, casualties and environmental pollution, 

Pipeline operators collect and review the failure data and recognize the critical detection of 

pipeline risk, integrity evaluation, risk reduction and accident avoidance[41], [42], [43]. The 

statistical results of European pipeline failures, causes, and consequences will be analysed. The 

similarity and the differences of pipeline managements will be studied, too. 

 

3.2. Examples of failures 

Pipeline Accident in California [44] 

A pipeline owned and run by the Pacific Gas and Electric Company (PG&E) broke down in a 

residential area in California on September 9, 2010 (Figure 12). The ruptured section was installed 

with a 0.762 m diameter. A crater about 21.95 m long by 7.92 m wide was formed by the rupture. 

The ruptured pipe part, about 8.53 m long and weighing about 1,360.78 kg, was located 30.48 m 

to the south of the crate. 

PG&E has projected the release of 1,348,312 cubic meters of natural gas. The natural gas released 

ignited, leading to a fire that destroyed 38 homes and damaged 70. Eight people died, and dozens 

were wounded. 

 

Figure 12 Pipeline Accident in California [44] 
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Pipeline Accident in West Virginia [45] 

The 11th of December, 2012. A buried 0.508 m diameter interstate pipeline, owned and operated 

by Columbia Gas Transmission Corporation (Columbia Gas), ruptured in West Virginia, a sparsely 

populated region (Figure 13). Just before the rupture, the pipeline was running at around 6.41 MPa. 

The pipe was expelled from the underground pipeline by about 6.10 m and landed more than 12.19 

m away. 

 

Figure 13 Pipeline Accident in West Virginia [45] 

Pipeline Accident in New Mexico[46] 

A 0.762 m diameter natural gas transmission pipeline owned by the El Paso Natural Gas 

Corporation broke down in New Mexico on Saturday, August 19, 2000 (Figure 14). It released the 

inflamed gas and burned it for 55 minutes. Twelve people who were camping under a concrete-

decked steel bridge supporting the river pipeline were killed, and their three vehicles were burned. 

 

Figure 14 Pipeline Accident in New Mexico[46] 
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3.3. Analyzing and contrasting the pipeline’s failures  

Failure statistical results of European Gas pipeline Incident data Group (EGIG) in Europe on long-

distance pipeline failure frequencies, causes, and consequences are comparatively analysed. the 

pipeline types that the analysis involves in our case Natural Gas[47]. 

The overall length of the EGIG gas pipeline will be 144,000 km until 2016. In order to show the 

safety performance of the European gas transmission network to the general public and authorities, 

the goal of EGIG is to collect and present data on gas loss incidents. 

The conditions required to be reported in the EGIG database for an incident are the following: 

− An event could result in accidental release of gas. 

− The pipeline must meet the conditions set out below: 

= to be built of steel; 

= being onshore; 

= have an operating maximum pressure greater than 15 bar; 

= to be placed outside the fences of the gas stations. 

 

3.4. Failure Frequency 

Figure 15 illustrates the decreasing failure frequencies per cause over the years, between 1974 and 

2016. The decrease may be explained by technological developments, such as welding, inspection, 

condition monitoring using in-line inspection and improved procedures for damage prevention and 

detection. Improvements in the prevention of external interference incidents may be explained by 

more stringent enforcement of land use planning and the application of one-call systems for the 

digging activities of external parties. (Figure 15) In several countries, there is now a legal 

requirement to report digging activities. Companies have adopted appropriate actions, like 

supervision or marking of the pipeline in the direct neighborhood of the digging activities.[47] 

 

 

Figure 15 Failure frequencies of different causes by EGIG[47] 

To demonstrate failure frequencies over a more recent period (Table 3) in addition to the 

frequencies for the whole period, frequencies over a time span of the last 5, 10 and 20 years. As 

far as the cause external interference is concerned, its associated primary failure frequency over 

the five-year moving average has levelled off at around 0.03 per 1,000 km*yr.[47] 
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Table 3 Primary failure frequencies of different causes by EGIG[47] 

Cause 
Primary failure frequency 

1970-2016 1997-2016r 2007-2016 2012-2016 

per 1,000 km·year 

External interference 0.144 0.064 0.043 0.032 

Corrosion 0.052 0.034 0.037 0.027 

Construction defect / Material 

failure 
0.051 0.022 0.027 0.021 

Hot tap made by error 0.014 0.006 0.006 0.003 

Ground movement 0.026 0.023 0.022 0.031 

 

Figure 16 and Figure 17 show the failure frequency per leak size and per-incident cause for 1970-

2016 and 2007-2016, respectively. 

 

Figure 16  Relationship primary failure frequency, cause, and size of leak (1970-2016)[47] 

 

Figure 17 Relationship primary failure frequency, cause and size of leak [47] 
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The data for the period 2007-2016 were summarized in Table 4. Although the failure frequency 

decreased over the years, the general trend in the distribution of the leak sizes remain the same: 

holes and ruptures were mainly caused by external interference. For pinhole/crack leak sizes, 

corrosion remains the main cause. 

Table 4 Failure frequency, cause and size of leak (2007-2016) [47] 

Leak size 

Failure frequency per 1,000 km·year 

External 

interference 
Corrosion 

Construction 

defect / 

Material 

failure 

Hot tap 

made by 

error 

Ground 

movement 

Other 

and 

unknown 

Rupture 0.0058 0.0000 0.0022 0.0000 0.0065 0.0007 

Hole 0.0195 0.0007 0.0014 0.0014 0.0079 0.0014 

Pinhole / 

crack 
0.0166 0.0353 0.0224 0.0043 0.0065 0.0123 

Unknown 0.0007 0.0014 0.0007 0.0000 0.0014 0.0007 

 

3.5. Failure Causes 

External interference, corrosion, and design defects/material failure are the leading three causes of 

gas pipeline failures in EGIG. 

In Figure 18 the incident distribution per cause over the last 10 years is given. Corrosion and 

external interference incidents occurred at about the same rate. However, corrosion incidents tend 

to have smaller leak sizes. 

 

Figure 18 Failure causes by EGIG [47] 

3.6. Failure Consequences 

Figure 19 shows that gas releases from large diameter pipeline ruptures at high pressure have 

ignited more frequently than smaller diameter pipeline ruptures at lower pressure. This data is 

based on only a few ruptures. Care should be taken when using it as an ignition probability, as the 

uncertainty is high. 

In the paper [48] an analysis is made of ignition probabilities. This paper shows that even ruptures 

of large diameter pipelines and high pressure not always ignite. 
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EGIG database also registers qualitative information about the consequences of incidents, amongst 

other injuries and fatalities that, unfortunately, occurred in some of them (Figure 20). 

 

Figure 19 Percentages of ruptures that ignited subdivided in diameter and pressure (1970-2016) 

[47] 

 

Figure 20 Percentage of accidents of groups involved in pipeline incidents (1970-2016) [47] 

EGIG studied the injuries and fatalities among different groups involved in pipeline incidents. 

These groups are: 

− employees or contractors of the transmission system operator; 

− third party directly involved in causing the incidents (for example digger drivers in the case of 

external interference incidents); 

− emergency services (firefighters, medical assistance); 

− the general public. 

In the EGIG database, 1,366 pipeline incidents were recorded in the period from 1970 to 2016. 

Reliable failure frequencies are provided by the history of incidents collected in the database. The 

average level of failures over the period 1970-2016 is equivalent to 0.31 accidents per 1,000 km 

per year. External interference, corrosion, construction defects and ground movement have 

accounted for 28%, 25%, 18% and 15% of the pipeline incidents reported over the past ten years, 

respectively. Failure data analysis is an important step for the failure prevention, and the improving 

of the pipeline integrity is a complex task [47]. 
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4. GIRTH WELD DAMAGES 

4.1. Preventing damage possibilities on the girth weld 

A study [49] summarizes the obligated-to-reports incidents of a 6.5 year re-search process. Figure 

21 shows the cause distribution for all incidents (621 items) and for weld defects (50 items). Based 

on Figure 21, it can be stated, that welds are more damageable, as we have no reason to suppose 

that welds have more favourable position from the point of view of corrosion and external force 

than the other parts of the pipeline. At the same time, the construction defects and material 

discontinuities occurs in much higher ratio in welds than in the other parts of the pipelines. 

Figure 22 illustrates failure data from the Hungarian high-pressure natural gas transmission 

pipeline system [50], grouped similarly to Figure 21, with the overall time period divided into two 

sub-periods.Comparing the two periods, a slight rearrangement can be observed among corrosion, 

third-party damage, and weld defects as primary failure causes[3]. However, over the whole time 

period, weld defects represent the highest proportion. It is also important to note that weld defects 

typically occur in the early years (or decade) of operation, while the probability and share of 

corrosion-related failures increase with time. The high number and proportion of weld defects 

highlight the need for special attention to this category. According to Hungarian failure statistics 

significant part of failures were retraceable for weld defects, basically in girth welds. The 

comparison of the international data and the Hungarian statistics show, both in the past and present, 

that the ratio of the weld defects in Hungarian transporting pipelines is higher than the above-

mentioned one and weld defects typically occur in girth welds. 

 

Figure 21 Incident distribution by cause [49] 
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Figure 22 Distribution of root causes of failure events in the Hungarian high-pressure natural 

gas transmission pipeline system [50] 

The different defects of welded joints occurring in the welded structures with high importance can 

be classified into three groups of acceptability: 

− defects acceptable by the assessment rules (workmanship criteria) of welded joints; 

− defects unacceptable by the assessment rules of welded joints, but having no influence on the 

Fitness for Purpose (FfP) or Fitness for Service (FfS) of the welded joint; 

− defects influencing the Fitness for Purpose or Fitness for Service of the welded joint. 

The three groups require different approaches with special emphasis of girth welds particularities. 

These characteristics are summarized in Figure 23, whereon the girth weld integrity puzzle 

demonstrates that the girth weld integrity depends on many factors interacting with each other 

[51], [52]. 

 

Figure 23 Girth weld integrity puzzle [51], [52] 
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4.2. Influencing factors on damages of girth welds 

The influencing factors on damages of girth welds can be divided into three main groups, as 

follows: 

− Design of the pipeline; 

− Construction of the pipeline; 

− Operation of the pipeline including integrity management. 

Either part of the design is the design and designation of the pipeline path and tracing. Especially, 

the crossings and the different installations have an important role. Figure 24 demonstrates the 

difficulty and the hazardousness of the problem [53]. (How do make up the sculptures of the 

modern age?) 

 

Figure 24 Pipelines and nodes in an installation [53] 

Another part of the design is the specification of the welding technology, including the welding of 

the pipeline and the related facilities. Extraordinary attention should be appropriated for the 

specification of possible axial misalignment, changing of wall thicknesses etc. 

Figure 25, Figure 26, and Figure 27 illustrate three determining parts of the pipeline construction, 

the treatment of the axial misalignment [54], [55], the realisation of the laying the pipeline [54], 

[56] and the connection of different sections with different characteristics (Lee), respectively. The 

selected unfavourable examples point out the complexity of the tasks and the problems. 

 

Figure 25 Unacceptable treatment of an axial misalignment [54], [55] 

Regarding that welded joints of buried steel transporting pipelines may contain such defects, which 

have not been detected during the construction or are discovered only during the operation, we 
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must declare about their permissibility and correction. Since failure detection and especially defect 

correction represents extremely expensive procedures (Figure 28), it is reasonable to complete 

critical analysis (Engineering Critical Assessment) of the effects of flaws. This provides the 

possibility for minimizing the necessary corrections, so that the risk of further operation should 

not exceed the acceptable level. 

 

Figure 26 Pipeline laying [54] 

 

Figure 27 Girth weld crack caused by different pipe and ditch profiles [56] 

 

Figure 28 Connection of different pipeline section with different shape and wall thickness [54] 

The operation and/or integrity management part includes the analysis of the values and the 

variations of the internal pressure. Figure 29 shows an example using 1.039.753 registered data 
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from a Hungarian pipeline section, where data clearly demonstrates the cyclic loads on the section 

designed under quasi-static loading conditions. 

 

Figure 29 Changing of the internal pressure on a Hungarian gas transporting pipeline 

section[57] 

Important parts of the operating transporting pipeline are the periodic (state) inspection and the 

continuous (state) control. Since the corrosion defects are the most common metal loss defects and 

their forms are various, differentiated consideration should be attended to their location, sizes, 

growth rate etc[58]. Figure 30 shows corrosion defects near and on pipeline (girth and spiral) welds 

[59], [60]. 

 

Figure 30  Corrosion defects near and on pipeline welded joints [59], [60] 

Another corrosion category is the Stress Corrosion Cracking (SCC), with classical terminology, 

or Environmentally Assisted Cracking (EAC), with more general terminology. Hydrogen play 

important role in this field and hydrogen damage is a term that covers a range of different types of 

failure modes, including embrittlement (HE), cracking (HIC, HAC etc.) and blistering. Figure 31 

shows schematically. 

The main hydrogen problems which can occur in steel at normal temperatures, although it must be 

stressed that not all types can occur simultaneously, or in the same type of steel. The probability 
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of all such forms of hydrogen damages usually increases with increasing strength, although 

blistering can occur in almost any steels[61], [62], [63]. Concurrently, Figure 32 illustrates the 

electrochemical potential and pH regions where SSC can occur for carbon (e.g. pipeline) steels in 

typical production environments [64]. 

 

Figure 31 Hydrogen embrittlement, cracking and blistering processes [61] 

 

Figure 32 EAC modes as a function of pH and electrochemical potential for carbon steel [64] 

Figure 33 shows two circumferentially oriented stress corrosion cracking (C-SCC) either in a pipe 

body and another in a girth weld [65]. 
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Figure 33 Examples of stress corrosion cracking [65] 

The sustainment and reconstruction of the girth weld integrity are continuous tasks of the pipeline 

operators. Besides the replacing of girth welds, which means making two new girth welds, the 

reinforcing is an effective way for the improving of the girth weld integrity. Figure 34 shows the 

results of two full scale fatigue and burst tests of our practice, where the reinforced girth welds 

with not passed quality have tolerated the loads, the pipe body has been damaged in both cases 

[66]. 

 
 

Figure 34 Pipeline sections after fatigue and burst test with reinforced girth weld; left: system 

developed at University of Miskolc; right: Clock Spring repair system [66] 

4.3. The answers to how to prevent damages from transporting pipeline girth welds 

Since there are several influencing factors on the damages of pipeline girth welds, there are 

different possibilities for prevention of the damages, too. These possibilities are as follows: 

− observance of the technological discipline and prescriptions 

= during the construction, 

= during the operation and the maintenance; 

− applying Engineering Critical Assessment (ECA) methods, for which 

= reflect the operational experiences, 

= demonstrate and endorse the compromise of rational risk and striving for safety ensuring 

pipeline integrity, 

= use the results of the non-destructive examinations, and 

= validated by the results of full-scale investigations on different pipeline sections; 

− reinforcing of the girth welds using non-welded methods (e.g. composite wraps). 

Girth welds of hydro-carbon transporting pipelines play important role of the life and the lifetime, 

during both the construction and the operation. Several factors have influence on the behaviour of 

the girth welds and they can be divided into three main groups, as follows: design of the pipeline; 
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construction of the pipeline; operation of the pipeline including integrity management. In line with 

these influencing factors, there are different possibilities for the prevention of damages which can 

be divided into three groups, too, as follows: observance of the technological discipline and 

prescriptions; applying Engineering Critical Assessment (ECA) methods; reinforcing of the girth 

welds using non-welded methods. 

It should be noted that efficient and cost-effective solutions on whole transporting pipeline systems 

can only be reached with complex approaches and based on the common works of different expert 

groups. 
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5. FULL-SCALE TEST 

A lot of efforts have been made to estimate the mechanical performance of pipes subjected to 

longitudinal plastic stresses as a result of the progress of strain-based design (SBD) for pipelines. 

Ductile ripping from a girth weld flaw is a common failure condition that defines tensile strain 

capacity (TSC). Because of factors like welding bevel angles and high-low misalignment, this 

condition is difficult to predict (MA) [67], [68]. 

Material property changes, as well as defect location/geometry. The real failure mechanics, which 

involves localized plastic deformation and material shredding, is equally difficult to model. 

Stationary crack modeling and the damage mechanics technique are two typical finite element 

analysis (FEA) techniques. Both strategies have drawbacks. It has been noted that stationary crack 

modeling can underestimate TSC because it is unable to account for all of the plasticity that 

happens in the area of a tearing fracture and does not explicitly simulate tearing [69], [70]. 

When it comes to the damage mechanics technique for modeling the tearing process, there is a lot 

of discussion on how to tune/calibrate the micro-mechanical parameters that the model relies on. 

So, what should an engineer do when the failure scenario is complex and modeling approaches are 

limited? There are often two solutions to this conundrum, one of which is significantly more 

important. The first step is to execute a large number of modeling runs and sensitivity analyses 

that cover all of the variable ranges in depth [71]. 

This entails hundreds of modeling runs for models with a half-dozen or so variables (as is the case 

for TSC prediction). While such exercises can help with recognizing patterns (for example, as MA 

grows, TSC decreases), they are insufficient to build a credible model on their own [72]. 

The second, and far more important, solution is that model results must be compared to full-scale 

experiments (FSTs). 

In applied mechanics, this has always been the authoritative answer. It is also the answer for TSC 

prediction. 

 

5.1. Overview of full-scale testing 

Full-scale pipe strain tests involve stretching and bending a section of pipe to failure. The 

fundamental metric is strain capacity, which refers to how much longitudinal strain the specimen 

can withstand before failing, which is commonly referred to as maximum load. It's possible that 

the specimen is parent pipe or that it has one or even more girth welds. Manmade flaws (notches) 

are common in girth welds, thus including different degrees of welding joint MA might be 

beneficial. To replicate service conditions, the specimens might be compressed. 

When there are girth weld faults, the failure scenario frequently involves ductile ripping from the 

defect till the remaining ligament fails. To replicate service conditions, the specimens might be 

compressed [73]. 

When there are girth weld faults, the failure scenario frequently involves ductile ripping from the 

defect till the remaining ligament fails. A schematic of a typical full-scale test (FST) specimen 

with girth welds is shown in Figure 35. The cost of specimen design and manufacture, followed 
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by testing and analysis, may go into the tens of thousands of dollars each test. A single test might 

take weeks or months to complete. 

The preparation of a specimen with known qualities is the most significant component of test 

specimen design and production. 

The true qualities of the specimen cannot be determined since it was damaged during testing. To 

create data indicative of the specimen, small scale experiments on additional material are required. 

Companion tests are crucial inputs for TSC model predictions and are referred to as companion 

tests. Successful ways of preparing companion materials can be found elsewhere. The design in 

Figure 35 is created by the layout in Figure 36. The test pups' rings are first cut to generate tensile 

data for overmatch calculations. At the spots where the rings were removed, the FST girth welds 

unite the three puppies. Companion welds are produced at the FST specimen's ends, or they might 

be put on one end of the specimen. 

 

Figure 35 Full-Scale Test Specimen Schematic [69], [70] 

 

 

Figure 36 Preparation strategy for Full Scale Test specimens and associated materials [69], 

[70] 

The most difficult part of preparing companion material is girth welding so that representative data 

can be generated. The companion girth welds have shown to be more effective when extra pups 

are welded directly to the ends of the FST specimen (subsequently cut off). The companion girth 

welds should be done as soon as feasible after the FST welds, and they should be made with the 

same welder, welding tools, and welding processes as the FST welds. 

Full-scale testing also necessitates the use of specimen instrumentation. Longitudinal strain and 

notch opening are monitored using instrumentation. Linear variable displacement transducers 

(LVDTs) are commonly employed to monitor strain, while clip gages are utilized to measure crack 

mouth opening displacement (CMOD). Figure 37 is an example of an effective instrumentation 

layout. A possible unrolling of the pipe specimen is depicted in the diagram. To detect global strain 
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over the specimen length, three massive LVDTs are employed. The anchor points are as near to 

the end cap confluence with the pipe specimen as practicable. The FST's strain capacity is defined 

as the average of these LVDTs at maximum load.[74] 

Additional, shorter LVDTs are placed on each pup, and these LVDTs are used to detect possible 

non-uniform straining. The employment of scribe lines is the least technical (but most beneficial) 

of all strain monitoring methods (Figure 37). 

Regular (100-150 mm) cross hairs on scribe lines can be placed along the same linear routes as the 

LVDTs. To quantify strain, the distance between the marks and the thickness of the wall at the 

markings are measured before and after the test. Data from scribe lines may be utilized to double-

check LVDTs and track non-uniform strains. 

The process of assessing the data post-test to gain a complete picture of specimen performance is 

just as vital as test preparation. This necessitates a cross-validation of LVDT and scribe line data. 

Non-uniform straining should be looked for during the activity. If this is suspected, further 

ultrasonic wall thickness measurements may be beneficial. 

The CMOD data should be compared to the results of the other notch assessment methods 

(fractography, sectioning). One of the main objectives is to see if any notches were "active" 

throughout the test, indicating that ductile tearing has started. 

The CMOD data is typically easy if the specimen does not fracture. If the specimen cracks, the 

first step is to pinpoint the location of the fracture, which is usually the notch with the highest 

CMOD at the conclusion of the test. It should be highlighted that brittle fractures have been 

recorded farther from the notch with the biggest CMOD. Fractured specimens might be difficult 

to interpret. Fractography is a useful tool for gaining a better understanding of the failure event 

and, in many cases, assessing the importance of the FST. 

Fractography is used to detect the location of quick fracture initiation, whether crack propagation 

was ductile, brittle, or mixed, and the crack propagation direction. The plethora of subtleties that 

might accompany fractography is beyond the scope of this work. To summarize, the texture, 

geometry, and varied shades of grey revealed on the fracture surface frequently allow the failure 

event to be recreated. 

 

Figure 37 Instrumentation for Full-Scale Testing (unrolled pipe view) [69], [70] 
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5.2. The importance of high-quality full-scale testing data 

Full-scale testing is a large-scale representation of experimental fracture mechanics. FST specimen 

preparation is more difficult than, instance, Charpy or crack tip opening displacement (CTOD) 

tests due to a number of variables. The amount of material is substantial, and specimen 

manufacturing necessitates extensive welding. As a result, the likelihood of material property 

variation and the occurrence of unintentional flaws is enhanced. Furthermore, notch insertion in 

the heat affected zone (HAZ), which must be done "blind" into the specimen surface, is extremely 

challenging [75], [76], [77], [78]. 

One overarching concept and two instances may be used to demonstrate the necessity for high-

quality FST data. The guiding assumption is that developing predictive TSC models is a difficult 

applied mechanics task, and that rigorous model validation using FSTs is essential because present 

models are relatively new and broad SBD pipeline service experience is lacking (figure 38). Two 

hypothetical examples are instructive in relation to the typical reasons for doing FSTs (model 

verification and project work). Consider the following scenario: a forecast from a relatively recent 

TSC model does not match the result of an FST, and no evident testing abnormalities are 

discovered. 

Is the model incorrect, or is there an issue with the test? If the model is defective, the next step is 

to upgrade. If the test fails, a failure analysis is necessary to uncover the root reason. The defect 

geometry may not have been as expected, or brittle fracture may have happened, in which case the 

test should be disregarded. In view of the time/cost required to conduct these tests, there will 

certainly be opposition to abandoning an FST, but it is occasionally essential, as will be detailed 

below. 

Consider a second scenario in which an FST is performed as a final proof test of project materials 

and the model forecast differs from the outcome. A similar dilemma arises: is it better to solve a 

model problem or a test problem? If the pipeline project is on a tight schedule, this scenario might 

be extremely difficult, especially if the test falls short of the goal TSC. Concluding that project 

materials do not fulfill design goals is a risk that may be avoided by paying close attention to all 

FST aspects. Late project adjustments are limited, and they frequently include more stringent 

defect acceptance standards, which can be expensive. 

Unless addressed through failure analysis, problematic FSTs (those that do not match forecasts) 

constitute roadblocks to advancement because they raise unresolved issues about whether bad 

predictions were generated by an erroneous model, a flawed FST, or a mix of both. 

 

Figure 38 Test setup for an experimental pipe section subjected to or capable of complex loading 

conditions [79] 
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5.3. Project work vs. Model building 

There will be references to these motives throughout this work since they often drive decisions 

about how to design and build the specimens. 

The aim to isolate the influence of particular factors on strain capacity is a fundamental difference 

between FSTs for model development and FSTs for project work. A sequence of FSTs for model 

building, for example, might be developed with steadily rising defect sizes while keeping all other 

factors constant. The aim will be jeopardized if variables other than defect size alter accidentally. 

It can be difficult to maintain consistency in crucial factors such as weld strength, which affects 

overmatch, given the volume of test specimen manufacture. 

As a result, because 1G-rolled, automated welding techniques are exceedingly consistent, they are 

excellent for FSTs connected to model making. 

Because of the size of the specimens, the importance of test variable control cannot be overstated. 

FSTs are large-scale experiments in fracture mechanics. 

Engineers have been battling welding-induced fracture differences in specimens (Charpy, CTOD) 

orders of magnitude less than full-scale pipe strain tests for decades. 

Because of the amount of girth weld material in an FST and the possibility for fluctuation along 

the circumference, all elements of specimen fabrication, especially those impacting strength or 

toughness, must be closely monitored. 

When the FST is employed for project work, however, the welding technology will be determined 

by the pipeline fabrication processes. The 5G position is usual for field welding; however semi-

automatic or manual methods may also be employed. With project processes, a larger degree of 

girth welding variation is unavoidable; nonetheless, this variation is allowed because the purpose 

of project work is to proof test any variances that may occur within the authorized techniques [80], 

[81], [82]. 

 

5.4. Design and preparation of specimen 

Bending vs. Tensile Loading: 

For actual pipes, strain-based loading will nearly always result in bending (Figure 39 and Figure 

40); nonetheless, tensile loading is recommended for full-scale testing for various reasons (perhaps 

reeling is an exception, but this application is not the focus of this study). If the goal of the test is 

to develop a model, sample statistics are critical, and it is best to include as many notches as 

feasible without jeopardizing other objectives. In bending FSTs, stresses are spread non-uniformly 

throughout the circle, and it is typical to notch at the greatest strain site, which is the outer fibers 

on the tensile side [83], [84], [85]. 

Only one notch may be put at this position due to the limited size of the outer fiber region. 

Bending tests are limited to one or two notches since there are normally only one or two welds per 

specimen with just one notch per weld. Tension testing, on the other hand, may readily tolerate 

several welds and many notches per weld, as detailed below. 

For project-related FSTs, sampling statistics might also be a source of worry. The advantage of 

many notches is significant insurance against the obstacles of full-scale testing, given the difficulty 

of notch placement, equipment dependability, and material variability. 

The potential of buckling is another reason why bending tests might be troublesome. The strain 

capacity of the notched region cannot be evaluated if a buckle (wrinkle) arises on the compression 

side of the specimen (a rather typical occurrence). When the specimen wrinkles, consistent 

straining is no longer possible. Wrinkling can jeopardize FST goals if the goal is to evaluate the 

whole strain capacity of the materials involved (Figure 42). 
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Figure 39 Four-point bending (4PB) in a testing laboratory with the possibility of applying 

internal pressure: sketch and construction of the testing apparatus [82] 

 

Figure 40 Winding test in a testing laboratory: the design and implementation of the test 

equipment [82] 

 

Pup Selection and Basic Design 

Preparation is much simpler if the FST is on base pipe. Tests using girth welds are more difficult. 

Figure 35 shows a schematic of an FST specimen. This design consists of two girth welds that 

connect three pipe segments known as pups. Welding tests are usually performed outside of the 

test lab by a different welding contractor. To develop dependable techniques to accomplish the 

intended weld joint misalignment, weld strength overmatch, fault size, and flaw locations, design 

considerations and quality controls are required [84], [86], [87]. 

In FSTs with girth welds, the number of girth welds (and hence pups) to include must be decided. 

The writers have worked with a variety of welds ranging from one to four (two to five pups). More 

girth welds provide the benefit of improving testing statistics. It permits additional artificial faults 

(notches) to be included, thereby turning a single FST into as many fracture tests as there are 

notches. More welds and notches have the disadvantage of increasing specimen complexity, 

preparation time, and the chance for mistakes, not to mention limiting the capacity of test 

machines. The authors prefer the configuration depicted in Figure 35 (two welds, three pups) based 

on their experience, since it appears to maximize the conflicting elements. 

Another factor to consider is the length of the pup. Pups must be long enough to avoid interfering 

with neighboring welds and/or end caps. The authors recommend a minimum pup length of 1.5 to 

2 diameters since this provides a total specimen length (many diameters) that more closely 
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resembles an actual strain event in a pipeline. Strain demand and pipe-soil interactions are beyond 

the scope of this work; suffice it to state that the length of a real pipeline exposed to the whole 

target demand is expected to be no less than a few diameters. As a result, FST specimens of at 

least a few diameters appear to be acceptable.[88], [89], [90], [91] 

It's possible that a decision on the pups' origins will be required. If there is just one pipe available 

from which to construct the specimen, the choice is clear. If numerous pipelines are present, 

however, the upstream source may change. If the goal of the test is to make a model, the pups for 

each specimen should be cut immediately adjacent to each other and then welded back together in 

their original arrangement. 

This reduces variance in strain capacity (i.e., UEL) across pups while maintaining the purpose of 

evaluating only one variable. If the FST is tied to a project, the original source is less important. 

The goal can be achieved as long as the puppy reflects project material. 

There have been instances where pups from different pipes were utilized, and test interpretation 

was challenging owing to differences in pipe qualities. In general, if combining puppies from 

separate pipes serves no benefit, this procedure should be avoided. 

 

Prior Material Knowledge 

Materials with which the designers have existing expertise should be used in the design and 

production of specimens for model building aims. This involves understanding the pipe 

longitudinal characteristics, weld strength, and weld toughness, at a minimum. Pre-testing can be 

quite beneficial. FST design and production should be guided by base metal tensile testing, 

welding trials, and measurement of weld characteristics. It's vital to remember that the FST 

specimen will have different material than any pre-tests, and there's a chance that there may be 

unanticipated alterations in the specimen. 

For example, if pre-tests reveal that pipe UEL is too near to the strain capacity target (say, within 

1 or 2 percent), then the pipe's usage should be examined since the test might be compromised by 

the pipe's below-average performance.[92], [93], [94], [95] 

Obtaining the correct degree of weld strength overmatch is one of the most essential parts of test 

specimen design and manufacturing. One of the most important factors affecting girth weld strain 

capacity is overmatch. Unexpected test findings have been linked to unintended overmatch 

variation, notably lower than desired overmatch. To avoid this, it's best to err on the side of caution 

when it comes to pre-testing. 

Each FST costs tens of thousands of dollars, and the uncertainty posed by inadequate pre-tests puts 

the overall full-scale testing objectives at risk. 

It is preferable to conduct pre-tests on material that closely resembles the final FST. This is true 

for related tests as well (discussed below). Longitudinal tensile samples can be collected from 

rings cut right near to the pipe edges that will be beveled for welding to assess pipe tensile qualities. 

If this isn't possible, samples should at the very least be collected from the pipe that will supply 

the FST pups. 

Trial welding and all-weld metal testing are required without prior knowledge of weld metal 

qualities. Measuring weld tensile characteristics (which are used to calculate overmatch) may be 

difficult, thus planning ahead of time for pipe/weld geometry and tensile specimen shape is 

recommended. 

The sample region must be weighed against the location of the FST notch. A round bar sample for 

small diameter pipe will be skewed toward the weld root (Figure 41), which may not reflect overall 

weld strength or be consistent with an FST notched from the outside diameter (OD). 

If the pipe wall thickness approaches 25 mm, two round bar specimen sites in the weld cross 

section should be considered, one higher and one lower. A rectangular cross section specimen is 

an alternative to the round bar geometry. This specimen has been recommended for narrow groove 
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welds, but because the design samples a larger quantity of weld metal than round bars, it has merit 

regardless of bevel form [96], [97]. 

To summarize, designers must account for the implications of variable pipe and weld qualities and 

choose an acceptable method for characterizing strength and calculating overmatch. 

 

Figure 41 All-weld tensile sample in small diameter pipe [70] 

Internal vs. External Notches: 

Notches on the inside versus. outside FST notches can be drilled into the pipe's inside diameter 

(ID) or outside diameter (OD). This decision is influenced by a variety of factors. Because of 

access issues, ID notches are impracticable for pipes with a diameter of less than 18-20". It is 

technically viable to apply ID notches if the FST is large enough for access, but the test will be 

pressured; nevertheless, the inside environment (water) considerably increases test complexity and 

restricts the durability of notch instrumentation. The chance of losing ID signals during the test is 

high, and the authors have had similar concerns in the past. 

The authors have shown that real pipeline failures occur more frequently at the root than at the 

cap, owing to the higher risk of root faults. FSTs from the ID are more likely to be notched because 

of this reality. However, as previously stated, ID instrumentation is difficult and raises the risk of 

an erroneous test. The authors have opted to employ OD notches; thus the rest of this work will be 

devoted to them [98], [99], [100], [101]. 

 

Cracks vs. Notches: 

Cracks vs. Notches Large fracture mechanics tests are essentially what FSTs are. 

Because of the influence of defect tip acuity and the possibility for brittle fracture in structural 

steels, fracture tests have traditionally been done with fatigue precracks. Precracks, on the other 

hand, are extremely difficult to implement in full-scale pipe specimens. FSTs for strain based 

design (SBD) are currently done with notches. The following is the justification: 

SBD circumstances necessitate careful consideration of design elements and material integrity. 

Both the pipe and the weld materials must be ductile, and this must be shown by a comprehensive 

materials testing procedure. Other tests (Charpy, CTOD) can be used to confirm ductile behavior 

in more traditional methods. After that, FSTs can be performed using sharp notches rather than 

precracks because both will operate similarly in ductile material. The results of SENT testing have 

corroborated this. The breadth of the notch should be kept to roughly 0.2 mm. 

Low temperature testing may be of relevance because of the brittle fracture worry; nevertheless, 

for model construction FSTs, room temperature testing can be justified. This is due to the fact that 

SBD models are only applicable to ductile behavior by definition. If the test materials are suspected 

of not being ductile at room temperature, Charpy and/or CTOD testing should be conducted to 

guarantee that the test will not be hampered by brittle behavior. If the testing is for a project, the 
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test temperature may be determined by the application's severity. If the service temperature is 

expected to be very low (below -10°C), it could be prudent to undertake at least some testing at 

that temperature. 

It can be the cracks or the notches the significant reason for failure, a similar situation happened 

to the pipeline in Figure 42 during the pressure test. 

 

Figure 42 Catastrophic failure of a pipe arch section during a pressure test [102] 

The Quantity of Notches 

Because it enhances test statistics, it is preferable to include as many notches as feasible in an FST. 

Too many notches, on the other hand, may produce interaction between neighboring notches, 

jeopardizing the test findings (unless flaw interaction is the goal). To investigate interaction effects 

and improve notch spacing, FEA can be employed. For pipe diameters smaller than roughly 30", 

two notches, spaced 180° apart, are usually utilized. For pipes ranging from 30" to 42", three 

evenly spaced notches can be utilized. Four notches might be considered for bigger pipes. The 

flexibility to adjust notches in the last phases of specimen preparation and/or to obtain the desired 

level of misalignment must be balanced with an aggressive notch number strategy (MA). After the 

weld MA and non-destructive examination (NDE) results are known, the notch placements may 

be finalized. It's possible that the target MA is only found in a few places. To reach the right MA 

or prevent weld defects, it may be required to shift notches a substantial distance from the initial 

plan. 

 

Misalignment in Weld Joints (MA) 

One of the most important factors influencing strain capacity is weld joint MA. By raising MA 

from 0 to a few millimeters, strain capacity can be greatly lowered. It has been established that the 

pipe offset approach may be utilized to construct MA in an FST. Once the weld joint has been 

constructed, it is recommended that MA be measured at regular intervals around the perimeter and 

that this information, together with weld NDT data, be utilized to guide final notch placement. 

MA makes determining fault depth difficult. A schematic of probable HAZ notch placements in 

relation to a misaligned weld is shown in Figure 43. Despite the fact that these notches all enter 

the material to the same depth, the FST notch depth must be defined differently. The notch location 

should be consistent with the model if the FST's 

objective is to construct models. In the case of HAZ notches, the notch is often placed on the 

"lower" side of the weld, whether for model construction or project work. 
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When compared to the " higher" HAZ position, this position is more cautious since it generates a 

smaller cross section between the notch tip and the weld root. One example of how MA may impair 

strain capacity is this tiny cross section, which is frequently the failure plane. 

Calculation changes will be required if the notch position is at the weld centerline and the notch 

depth is referred to the low side of the weld (Figure 44). The notch penetration depth is derived by 

multiplying the notch depth by the height of the notch entrance point X. The cap is frequently 

ground to assist clip gage installation, thus the weld cap in Figure 44 is rather flat to approximate 

this. The height of the entrance point X in this example is roughly half of the MA. The actual cap 

height may differ from that depicted in Figure 44, requiring the designers to make the required 

changes. 

These details must be supplied to the notching professional, regardless of cap shape or notch depth. 

If the FST is constructed with 3 mm of MA, a 3 mm notch depth, and the cap is ground as indicated 

in Figure 44, the technician must realize that 4.5 mm of notch penetration is required to accomplish 

the appropriate notch depth. The authors have seen examples of incorrect notching where the test 

findings were deemed to be out of the ordinary, but after posttest measurements (notch opening), 

the notch size was determined, and the amended predictions were more in line with the FST results. 

 

Figure 43 When MA is present, possible HAZ notch locations [69] 

 

Figure 44 When MA is present, the location of the weld centerline notch necessitates further 

considerations [69] 

The XFEM Model 

Two endplates and two loading tongues are included in the pipe model (Figure 45); each are 

represented by reference nodes with a 50 mm eccentricity from the pipe's longitudinal axis. To 

replicate properly welded connections, the tie constraint was employed to link the endplates to the 

shell pieces. Finally, the experimentally applied eccentric loading was modelled using a tie 

constraint connecting the loading tongues to the endplates with a 50 mm eccentricity. 
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Figure 45 Pipeline XFEM model components assembled, displaying geometry and reference 

points.[75] 

The CMOD critical values for all tests and models are compared with the results of CMOD failure, 

which is the CMOD value when the failure occurs, as described previously and shown in Figure 

46 

 

Figure 46 The CMOD failure[75] 

Pipeline Buckling Limit Assessment Using a Large-Scale Bending Test Rig 

Figure 47 depicts the test rig, which is made up of two-moment arms, an oil hydraulic jack that 

drives the moving arm, and a primary frame that holds the whole thing together. The test rig is 

also constructed such that, during the bending test, internal pressure may be applied to the test pipe 

using a water hydraulic pump. The test pipe is soldered between the two-moment arms, and the 

movement of the moment arms' ends generates bending moment in the pipe. 

 

Figure 47 An overview of the bending test for large diameter pipelines [78] 
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Further examples of global and local buckling are illustrated in Figures 48 and 49, respectively. 

 

Figure 48 Bending test of a pipe section embedded in soil: test layout (left); deformed pipe 

section (right) [96] 

 

Figure 49 Sketch of the four points bending test set-up (left) and test set-up after formation of a 

local buckle (right )[103] 

Based on the reviewed references, the following conclusions can be drawn for designing and 

implementing our full-scale testing system and investigations. 

− When designing and preparing the full-scale tests, all available information and data on the 

pipeline sections, the actual operating conditions, as well as the test possibilities and their 

limitations should be used. 

− If necessary, additional mechanical and/or microstructural investigations should be carried out 

to ensure high reliable and reproducible preparation of the tested pipeline sections. 

− The tested pipeline sections should be constructed from the same material quality (same heat 

number). In cases where this is not possible, special attention should be paid to differences in 

the properties of the pipes and their effects on the tested pipeline section and girth welds. 

− The length of the individual pipes applied for the assembly of the tested pipeline sections 

should exceed twice their outside diameter. 
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− The four-point bending (4PB) test is appropriate for three-segment pipeline sections with two 

tested girth welds. A three-point bending (3PB) test is preferable if only one girth weld is to 

be tested (Figure 39). 

− In order to modelling real operating conditions as exactly as possible, applying an external 

load (bending) in addition to the internal (cyclic) pressure is desirable. In such cases, 

positioning the tested girth weld in the middle of the investigated pipeline section is advisable. 

This will result in the highest bending stress (3PB) and eliminate errors due to possible 

asymmetry (4PB). 

− Before full-scale tests under complex loading, it is also advisable to investigate a pipeline 

section that has not been subjected to cyclic loading (burst test only), furthermore a pipeline 

section that has not been subjected to additional loading (fatigue test followed by burst test). 

These investigations provide bases for comparison with the tests under complex loading 

conditions. 

− Notches should be used to model the real imperfections (defects) of the girth welds. The 

location of notches along the circumference is indifferent for simple loads, but for complex 

loads the locations with the highest stress should be prioritized. The circumferential notches 

should be located in the weld metal (WM) or heat affected zone (HAZ) of the girth weld, and 

the longitudinal notches should be located parallel to the longitudinal axis of the pipe 

(perpendicular to and in this case symmetrical with the girth weld). 

− The post-weld treatment of girth welds is not used in Hungarian practice; therefore, it is not 

relevant for full-scale tests of pipeline sections containing girth welds.  
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6. SUMMARY, SPECIFIC AIMS OF THE RESEARCH WORK 

The steels used for hydrocarbon transporting pipelines are based on or correlate to [23], worldwide. 

The increase in strength for this type of steel is also continuous, but the increased strength must 

also be matched with adequate ductility. As the joining of the pipe segments is done by welding 

(girth welds), the welding technology must also follow the evolution of the base materials. 

Damage statistics for pipelines show well-defined groups of causes. The ratios between each group 

are different based on international and Hungarian data, with Hungarian data showing less 

favourable data for damage to girth welds compared to international data. 

There can be, and are, many causes of damage to girth welds, and the same is true of the 

possibilities for preventing damages. In the case of transporting pipelines, especially those in 

service for a long time, it is no longer possible to speak of clearly quasi-static operation and simple 

loads, but of cyclic and/or complex loads. 

Despite the fact that several modelling options and computational algorithms are known, their 

limitations are also known, thus the role and importance of full-scale tests has been enhanced. 

Based on the previously mentioned facts, the objectives of the research work are as follows: 

− to develop a measurement system for full-scale tests of pipeline sections containing girth welds 

under cyclic internal pressure and superposed external loads; 

− to design experimental pipeline sections with the same characteristics for full-scale tests; 

− to design and perform full-scale tests on girth welds under complex loading conditions, for 

girth welds with different discontinuities (defects) and artificial defects; 

− to identify the operational reserves in girth welds based on a safety factor; 

− to rank the hazard of different discontinuities and defects; 

− to propose options and requirements for safer operation of girth welds. 
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7. CIRCUMSTANCES OF THE INVESTIGATIONS 

7.1. Manufacturing of the pipeline sections 

The investigated pipeline sections were made of P355NH seamless steel tubes for pressure 

purposes [104]. The welding process was made entirely by the industrial partner, The nominal 

geometrical sizes were as follows: OD = 114.3 mm (DN 100) outside diameter, t = 5.6 mm wall 

thickness, L = 4,000 mm (4 m) pipeline section length (Figure 51). The tested girth welds located 

in the middle of the pipeline section were made under industrial conditions using manual metal 

arc welding (MMAW). The chemical composition of the base material and applied filler metals 

are summarized in Table 5, furthermore, the basic mechanical properties of the base material can 

be found in Table 6. 

Table 5 Chemical composition of the pipe material based on inspection certificate and the applied 

filler metals based on company specifications, weight% 

Material Element 

 C Mn Si P S Cr Mo 

P355NH 0.18 1.24 0.22 0.016 0.009 0.08 0.02 

Böhler FOX CEL–E383C21 0.12 0.14 0.5 N/A N/A N/A N/A 

Böhler FOX CEL Mo–E423MoC25 0.1 0.14 0.4 N/A N/A N/A 0.5 

 Ni Al Cu Ti V Nb N 

P355NH 0.06 0.027 0.19 0.001 0.004 0.000 0.090 

Table 6 The basic mechanical properties of the pipe material based on the inspection certificate 

Yield 

strength, 

ReH (MPa) 

Tensile 

strength, Rm 

(MPa) 

Elongation, 

A65 (%) 

Charpy-V impact energy at -20 °C, KV 

(J) 

Individual values average value 

406 536 28.4 150, 154, 160 155 

 

The Carbon Equivalent (CE) for the base material and filler metal were calculated, the chemical 

composition (typically the weight percentage of elements like C, Mn, Cr, Mo, V, Ni, Cu) for both. 

based on the WPS provided documents (appendix 1). 

The CE formula (IIW method) have been used: 

𝐶𝐸 = 𝐶 +
𝑀𝑛

6
+

𝐶𝑟+𝑀𝑜+𝑉

5
+

𝑁𝑖+𝐶𝑢

15
  (1) 

𝐶𝐸 𝐵𝑎𝑠𝑒 = 0.424 (2) 

𝐶𝐸 Böhler FOX CEL– E383C21 = 0.143 (3) 

𝐶𝐸 Böhler FOX CEL Mo– E423MoC25 = 0.223 (4) 

In the Table 7, Charpy-V impact energy (KV) data for two filler materials at different temperatures, 

along with the mechanical properties like yield strength (Ry), tensile strength (Rm), and elongation 

(A) can be seen. Comparing the strength properties of the base material and the filler materials, 
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the welded joints produced can be classified as matching (the strength of the base material and the 

filler metal are approximately the same). 

Table 7 Key mechanical properties of welding filler metals 

Ry (MPa) Rm (MPa) A (%) 

Charpy-V impact energy at the following 

temperatures, KV (J) 

20 °C 0 °C -20 °C -30 °C -40 °C 

Böhler FOX CEL (E383C21) 

450(≥380) 550 (470-600) 26(≥22) 100 90 70 55 (≥ 47) N/A 

Böhler FOX CEL Mo (E423MoC25) 

480(≥420) 550 (500-640) 23(≥20) 100 95 85 50 (≥ 47) 42 

 

The Welding Procedure Specification (WPS) can be seen in appendix 1, in Figure 50, a metal 

welding process involving two different materials A1 and A2 can be seen and that is the general 

situation, however in our study A1 and A2 from the same material, the preparation phase (a) and 

the layers of the welding process (b) can also be seen. 

 

Figure 50 Preparation phase (a) and layer structure (b)[105] 

Table 8 shows the main characteristics of the applied welding processes for the tested girth welds. 

Table 8 Main characteristics of the welding process for the tested girth welds 

Layer 1st (root) 2nd 3rd 

Position PH PJ PJ 

Filler metal 
Böhler 

FOX CEL 

Böhler 

FOX CEL Mo 

Böhler 

FOX CEL Mo 

Electrode diameter (mm) 3.2 3.2 3.2 

Current (A) DC/EN 45-55 DC/EP 55-70 DC/EP 50-65 

Voltage (V) 21.8-22.2 22.2-22.8 22.0-22.6 

Welding speed (cm/min) 7-12 15-20 10-15 

Figure 51 shows the main characteristics of the pipeline sections investigated. 
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Figure 51 The investigated pipeline sections  

The samples were already measured, dividing into four parts, L1, L2, L3, and L4. Also, the wall 

thickness was measured at four points, the first one at the fitting, the second and the third are before 

and after our studied girth weld, and the fourth one at the second fitting (Table 9). 

Table 9 The length measurements and wall thicknesses  

Sample 

number 

Length (mm) Wall thickness(mm) 

L1 L2 L3 L4 1st 2nd 3rd 4th 

Y1 50 2010 2010 50 5.9 6.3 5.9 5.7 

Y2 50 2010 2015 50 5.7 5.5 6 6 

Y3 48 2008 2008 48 5.8 5.8 5.6 5.7 

Y4 48 2012 2010 50 6 5.7 5.8 5.8 

Y5 50 2010 2008 50 5.7 6.1 5.6 5.8 

Y6 50 2010 2010 50 5.7 5.8 5.6 5.7 

Y7 50 2012 2012 50 5.9 5.6 5.9 5.8 

Y8 50 2005 2010 50 5.3 5.3 5.4 5.7 

Y9 50 2010 2010 50 6.2 5.9 5.4 6.2 

Y10 50 2015 2010 50 5.9 5.9 5.8 6.1 

Y11 50 2010 2010 50 5.8 5.7 6 6.1 

Y12 50 2010 2010 50 5.7 5.5 5.7 5.8 
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Figure 52 The investigated samples  

7.2. Design the fixing device 

Before the next part of the investigations was started, the fixing device had to be designed to hold 

the samples during the cycle fatigue test and the burst test. The fundamental requirements were as 

follows: 

- ensuring the reproducibility of the tests; 

- the use of robust support beams made of steel; 

- enabling the interchangeability of smaller components, both in case of potential damage 

and when changing the diameter of the tested pipe; 

- ensuring the safe execution of the tests; 

- cost-effectiveness. 

The fixing device should be designed to perform three points bending (Figure 53-a) or four points 

bending (Figure 53-b); the three points bending was chosen for maximum bending moment. 

 

Figure 53 3BP or 4BP  
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Should the structure of the load transfer be designed as a close frame (Figure 54-a) or a simple 

load transfer (Figure 54-b)? The simple load transfer was chosen for easier construction. 

 

Figure 54 The structure of the load transfer 

Regarding the support method, should a Closed (rigid) grip be used at the ends (Figure 55-a) or 

free supports (Figure 55-b), The free support was chosen for a better approximation of real 

conditions. 

 

Figure 55 The support method 

Regarding the position of the external load transition device, should it be positioned perpendicular 

to the longitudinal axis of the pipe (Figure 56-a) or at an angle to the longitudinal axis of the pipe 

(Figure 56-b), The angled position relative to the longitudinal axis of the pipe was chosen because 

the deflection can be reliably measured and easier access to the tested section is provided. 

 

Figure 56 The Position of the external load transition device 
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7.3. Calculations for testing experimental pipe sections with complex loads 

The initial data and their sources for the calculations performed using the relationships from the 

reference [106] were as follows: 

− the pipe material is homogeneous, isotropic and free from material discontinuities; 

− the outer diameter of the pipe: Dk = 114.3 mm [expert quality certificate]; 

− the wall thickness of the pipe: s = 5.6 mm [expert quality certificate]; 

− the inner diameter of the pipe: Db = Dk – 2*s = 103.1 mm; 

− the maximum internal pressure applied during fatigue: p = 63 bar = 6.3 N/mm2 [operator data]; 

− second moment of area of the pipe cross-section: 

𝐼 =
(𝐷𝑘

4−𝐷𝑏
4)𝜋

64
 (5) 

resulting in I = 2831880 mm4; 

− section modulus of the pipe cross-section: 

𝐾 =
𝐼

𝐷𝑘 2⁄
 (6) 

resulting in K = 49552 mm3; 

− distance between supports: l = 3600 mm. 

− elastic modulus: E = 205000 N/mm2 [current value]. 

− density of steel: ρpipe = 7850 kg/m3 [current value]. 

− density of water at 25°C: ρwater = 997.04 kg/m3 [current value]. 

− gravitational acceleration: g = 9.81 m/s2. 

− The tangential stress, since s/Db = 0.054, can be calculated from the known 

𝜎𝑡 =
𝐷𝑏𝑝

2𝑠
 (7) 

resulting σt  = 57.99 N/mm2 . The axial stress is: 

𝜎𝑎 =
𝐷𝑏𝑝

4𝑠
=

𝜎𝑡

2
 (8) 

resulting σa  = 28 N/mm2. 

Calibration of the force from bending on pipe section Y4 can be seen in Figure 57. 

 

Figure 57 Calculation of the bending force on the experimental pipe section Y4 
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After this, the deflection values caused by the mass of the pipe section and the water inside it were 

calculated. The cross-sectional areas of the pipe and the water are: 

𝐴𝑝𝑖𝑝𝑒 =
(𝐷𝑘

2−𝐷𝑏
2)𝜋

4
 (9) 

and 

𝐴𝑤𝑎𝑡𝑒𝑟 =
𝐷𝑏

2𝜋

4
 (10) 

from which their masses are calculated as: 

𝑚𝑝𝑖𝑝𝑒 = 𝑉𝑝𝑖𝑝𝑒𝜌𝑝𝑖𝑝𝑒 = 𝐴𝑝𝑖𝑝𝑒𝑙𝜌𝑝𝑖𝑝𝑒 (11) 

and  

𝑚𝑤𝑎𝑡𝑒𝑟 = 𝑉𝑤𝑎𝑡𝑒𝑟𝜌𝑤𝑎𝑡𝑒𝑟 = 𝐴𝑤𝑎𝑡𝑒𝑟𝑙𝜌𝑤𝑎𝑡𝑒𝑟 (12) 

The calculated values are Apipe = 1912.3 mm2, Awater = 8348.2 mm2, mpipe = 54.3 kg, and mwater = 

29.96 kg. The uniformly distributed load from these masses is: 

𝑞𝑝𝑖𝑝𝑒 =
𝑚𝑝𝑖𝑝𝑒𝑔

𝑙
 (13) 

and  

𝑞𝑤𝑎𝑡𝑒𝑟 =
𝑚𝑤𝑎𝑡𝑒𝑟𝑔

𝑙
 (14) 

from which the total force for deflection calculation is: 

𝐹𝑞 = (𝑞𝑝𝑖𝑝𝑒 + 𝑞𝑤𝑎𝑡𝑒𝑟)𝑙 (15) 

and the maximum deflection value, using the elastic modulus of the steel; 

𝑓𝑚𝑎𝑥,𝑞 =
5𝐹𝑞𝑙3

384𝐸𝐼
 (16) 

The calculated values are qpipe = 0.147 N/m, qwater = 0.229 N/m, and Fq = 824.4 N, resulting in a 

maximum deflection at the critical cross-section of fmax, q = 0.86 mm. 

The results show that the fmax, q value exceeds the difference between the measured deflection and 

the deflection calculated from the F2σa concentrated force (5.47 mm − 5.35 mm = 0.12 mm). 

Possible reasons for this discrepancy include: 

− The pipe is not homogeneous or isotropic, partly due to the base material properties and partly 

due to the tested circumferential weld located at the center of the pipe section. 

− Nominal values (dimensions, material constants) were used in calculations. 

− Measurement errors (perfect symmetry is impossible, and temperature effects were not 

accounted for). 

Considering these factors, the calibration and adjusted the bending-induced deflection values for 

complex-loaded pipe sections accordingly were accepted, always prioritizing deflection values as 

the guiding parameter. The force-deflection functions for overloaded pipe sections are illustrated 

in Figure 58. In this figure, and all others showing overloads of 2σa, 4σa, 6σa, and 8σa, the terms 

"2sigma", "4sigma", "6sigma", and "8sigma," or "2S", "4S", "6S", and "8S" are used. When no 

external bending load was applied, this was either omitted or labelled as "0S". 
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Figure 58 Force-deflection functions of pipe sections with external load 

In the context of Figure 58, the following observations were made: 

− the minimum negative values (not all force-deflection curves start from positive ranges) are due 

to the measurement conditions and can be neglected; 

− the force-deflection values are consistent with the multiplication of the excess loads; 

− the different behaviour of pipe sections without notches (Y4, ..., Y6) and pipe sections with 

notches (Y7, ..., Y12) is due to the notches themselves. 

− the deformations are elastic, except for the Y12 section, with a nominal value of 8*σa of 232 

N/mm2, which could already cause a small plastic deformation near the notch, and which is 

reflected in the corresponding force-deflection function. 

7.4. Testing equipment and their characteristics 

The elements and equipment that make up the test system are located in two areas, one in a 

laboratory building and the other in a test pit built in front of the building. The tests are controlled 

from the building, and the experimental pipeline sections are located in the test pit. Two systems 

are available for testing structures subjected to internal pressure, and a separate system has been 

developed for external bending loading. 

The two pressure increasing systems are essentially identical in design, one for pressures up to 100 

bar (called NEW) and the other up to 700 bar (called OLD). The lower capacity system is used for 

fatigue testing and the higher capacity system for burst testing. The hydraulic cylinders and control 

units in the laboratory area are shown in Figure 59; the hydraulic power supplies are located in a 

separate room directly next to the laboratory to reduce operating noise. The block diagrams of the 

NEW system and the OLD system can be seen in Figures 60 and 61, respectively. 

Based on these abilities and capacities a unique testing system has been developed for the complex 

loading of pipeline sections. Cyclic internal pressure and superimposed external bending loads can 

be applied for the investigations in the three-point bending (TPB or 3PB) configuration. In this 

series of experiments the tested girth weld was positioned in the middle of the tested pipeline 

section. The experimental layout together with the introduction of the key elements in the test pit 

can be seen in Figure 62. 
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Figure 59 The laboratory area with hydraulic cylinders and control units of the testing systems. 

 

Figure 60 Block diagram of the pressure boosting system up to 100 bar internal pressure 
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Figure 61 Block diagram of the pressure boosting system up to 700 bar internal pressure 

As can be seen in Figures 60 and 61, the two systems are very similar in structure. 

 

Figure 62 The pit area of our developed system with a pipeline section. 

The superimposed bending moment was set using a certified load cell and verified using a certified 

extensometer with an extended arm. Positioning of the tested girth welds was performed using a 

scaled plate with drilled holes (see Figure 63 and Figure 64). 
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The burst process was recorded with two video cameras, both positioned at the edge of the pit area, 

following the burst process from above. One camera was positioned in the direction of the 

longitudinal axis of the tested pipeline section and the other perpendicular to it. 

 

 

Figure 63 Setting the deflection by load cell and its verification by extensometer with an 

extended arm. 

 

Figure 64 The positioning plate with scales and holes, and the measurement of the deflection by 

extensometer with extended arm. 

Twelve pipeline sections were tested with different characteristics. The experiences of the 

Hungarian transporting pipeline operator (FGSZ Ltd.) have pointed to that external undercuts and 

lack of fusions (between the base materials and weld metals) can be found in inadequate girth 

welds. Other experiences of the Hungarian transporting pipeline operator have shown that third-

party (near) longitudinal damages are also common and significantly increase the operational risk, 

especially when interacting with both girth and spiral welds. These were the reasons why we also 
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tested girth welds with artificial notches. The notches were cut using a hand grinding machine and 

located either in the heat-affected zone (HAZ) of the girth weld (circumferential direction) or 

through the girth weld (axial direction). The external undercuts and lack of fusions were modelled 

using circumferential notches, the third-party (near) longitudinal damages interacting with girth 

welds were modelled by longitudinal notches. Since the artificial notches were made by the same 

person using the same hand grinder, their maximum nominal width was 2 mm. The shape of the 

artificial notches followed the shape of both the pipe and the grinding wheel (Figure 65), with their 

width decreasing slightly in the direction of the pipe wall thickness. Figure 66 demonstrates the 

two types of notch configurations. 

 

Figure 65 The artificial notch configurations 

 

Figure 66 Artificial notch in the girth weld HAZ of the Y10 pipeline section (left), artificial notch 

through the girth weld of the Y8 pipeline section (right)  

All pipeline sections, except Y3, were subjected to 100,000 cycles of fatigue loading. The cyclic 

internal pressure was adjusted to the real operating pressure and was changed between 60% and 

100% of the maximum allowable operating pressure (MAOP, 64 bar). The applied axial stress 
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from bending was two, four, six and eight times (in relevant figures 2 sigma, 4 sigma, 6 sigma and 

8 sigma, respectively) of the axial stress (σa) from the maximum internal pressure. During the 

fatigue tests 0.2 Hz testing frequency was applied, moreover during the fatigue and the burst tests 

water was used as testing media. During the long test period, the ambient temperature varied 

between 15 °C and 30 °C, but this variation had no significant effect on the implementation of the 

tests or the mode of the fracture behaviour of the pipeline sections. The main characteristics of the 

full-scale tests can be found in Table 11. 

After the girth welds were made, they were radiographed by Gamma-Control Ltd. The results of 

the investigations are summarised in Table 10, which shows that the girth welds contained only 

tolerable or suitable (S) discontinuities. Therefore, the condition that the quality of the girth welds 

should not influence the results of the mechanical tests was fulfilled. 

Table 10 Main characteristics of the RT carried out on the full size test pipe sections after 

preparing the weld 

Pipeline 

section 

ID 

Weld No. Gamma-Controll Kft. 

Girth welds GWS T/E D&C[107] 

Y3 F3, F15, F27 F15 2022.04.12 Nothing 

Y1 F1, F13*, F25 F13 2022.04.12 2011 – S; 3012 – S; 514 – S 

Y2 F2, F14, F26 F14 2022.04.12 504 – S; 507 - S 

Y4 F4, F16, F28 F16 2022.04.12 504 – S; 514 – S 

Y5 F5, F17, F29 F17 2022.04.12 2011 – S; 514 – S 

Y6 F6, F18, F30 F18 2022.04.12 504 – S; 5013 – S 

Y7 F7, F19, F31 F19 2022.04.12 5013 – S; 515 – S 

Y8 F8, F20, F32 F20 2022.04.12 2011 – S; 504 – S 

Y9 F9, F21, F33 F21 2022.04.12 2011 – S; 504 – S 

Y10 F10, F22*, F34 F22 2022.04.12 3012 – S  

Y11 F11, F23, F35 F23 2022.04.12 504 – S; 507 – S; 514 – S 

Y12 F12, F24, F36 F24 2022.04.12 3012 – S; 504 - S 

 

* The RT test report can be seen in appendix 2
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Table 11 The main characteristics of the full-scale tests 

Pipeline 

section ID 
Fatigue* 

External 

bending 
Notch location Notch direction 

Nominal notch 

depth 

Nominal notch 

length (mm) 

Y3 N/A N/A N/A N/A N/A N/A 

Y1 performed N/A N/A N/A N/A N/A 

Y2 performed N/A N/A N/A N/A N/A 

Y4 performed 2σa N/A N/A N/A N/A 

Y5 performed 2σa N/A N/A N/A N/A 

Y6 performed 4σa N/A N/A N/A N/A 

Y7 performed 4σa girth weld HAZ circumferential 0.37 t 29 

Y8 performed 4σa through girth weld axial 0.50 t 41 

Y9 performed 4σa girth weld HAZ circumferential 0.67 t 40 

Y10 performed 6σa girth weld HAZ circumferential 0.50 t 30 

Y11 performed 6σa through girth weld axial 0.67 t 40 

Y12 performed 8σa girth weld HAZ circumferential 0.50 t 40 

* If fatigue was applied, the number of cycles was 100,000 cycles. 
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8. FULL-SCALE INVESTIGATIONS PROCESS 

Our samples (pipeline sections) had the following tests in order: 

− visual, liquid penetrant, and radiographic investigations (VT, PT, and RT, respectively); 

− radiographic investigation (RT); 

− fatigue test (100,000 cycles); 

− radiographic investigation (RT) 

− pressure test (6 hours); 

− burst test. 

 

8.1. Visual, liquid penetrant, and radiographic investigations 

The tested girth welds were made by manual metal arc welding and were inspected by visual, 

liquid penetrant, and radiographic tests (VT, PT, and RT, respectively). Only girth welds that have 

been produced to an acceptable quality level have been tested. This also means that the consistently 

high quality of the girth welds made it possible to investigate the impact of other influencing 

factors on the damage characteristics. 

 

8.2. Radiographic investigations before and after the fatigue test 

After each investigation, a radiographic test was performed to check the girth weld and see if there 

was any significant change that could affect our investigation (Figure 67). 

 

Figure 67 The preparation for the RT test (left), The device that used to do the RT (right) 

 

8.3. Fatigue test 

The cycle fatigue test was for 100,000 cycles of internal pressure loading, with or without external 

bending loading. The cyclic internal pressure varied between 60% and 100% of the operational 

pressure (64 bar). The external bending loads were applied during the cyclic loading (100,000 

cycles) and the burst test. The applied axial stress from superimposed bending was two, four, six 

and eight times (in relevant figures 2S, 4S, 6S and 8S, respectively) of the axial stress (σa) from 
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the maximum internal pressure. In the three-point bending arrangement, the tested girth weld was 

positioned in the middle of a nominal 4 meters long pipeline section; the bending load was set via 

a load cell and checked by means of a deflection meter [108], [109] (Figure 68). During the fatigue 

tests 0.2 Hz testing frequency was applied; in addition, during the fatigue and the burst tests water 

was used as testing media. During the long test period, as the test pit is located outdoors, the 

ambient temperature changed between 15 °C and 30 °C. This variation of the outside temperature 

had no significant effect on the execution of the tests or the mode of the fracture behavior of the 

pipeline sections.  

 

Figure 68 Load cell and deflection meter for the external bending(left), Transfer of external load 

for the external bending (right)  

The time required to complete 100,000 fatigue cycles was nearly 6 full days (nearly 139 hours) of 

uninterrupted testing. By looking at Figure 69 and Figure 70, it can be stated that the variation of 

the internal pressure was stable throughout the whole process, except for the initial and final 

transients. 

 

Figure 69 Internal pressure vs. time functions recorded during the fatigue test of pipeline section 

with minimum superposed external bending load (Y4) 
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Figure 70 Internal pressure vs. time functions recorded during the fatigue test of pipeline section 

with maximum superposed external bending load (Y12) 

The deflection value and its variation were continuously monitored. These values were recorded 

every 5,000-8,000 cycles, with a time interval of 50-60 cycles (250-300 s). 

 

Figure 71 Deflection vs. time functions recorded during the fatigue test of pipeline section with 

minimum (2 σa) superposed external bending load (Y4) 
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Figure 72 Deflection vs. time functions recorded during the fatigue test of pipeline section with 

maximum (8 σa) superposed external bending load (Y12) 

The deflection-time plots in Figure 71 and Figure 72 also reflect the change in internal pressure 

and its stability, and illustrate the magnitude of the deflection and the extent of its change. The two 

figures also highlight the difference in deflection due to minimum and maximum superposed 

bending loads. 

 

8.4. Pressure test 

Every sample from our twelve pipeline sections was subjected to a pressure test for 1.5 times the 

operation pressure (95 bar) in a closed system for six hours (Table 12). During this period, the 

pressure and temperature were recorded almost every hour (Figure 73). 

 

Figure 73 The samples Y1 and Y2 during the pressure test
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Table 12 The temperature and the pressure values for the investigated pipeline sections (except Y3) during the 6-hour pressure test 

Pipeline 

section ID 

Recorded (Time) and 

measured (Temperature, 

Pressure) data 

Recorded (Time) and measured (Temperature, Pressure) values 

Y1 

Time 8:15 9:44 10:51 11:56 12:55 13:49 14:50 

Temperature (°C) 19 20.3 21.9 23.3 24.4 25.5 26.2 

Pressure (bar) 95 97.5 97.5 100 >100 >100 >100 

Y2 

Time 8:15 9:44 10:51 11:56 12:55 13:49 14:50 

Temperature (°C) 19 20.3 21.9 23.3 24.4 25.5 26.2 

Pressure (bar) 94 96 100 >100 >100 >100 >100 

Y4 

Time 9:20 10:20 11:21 12:20 13:19 14:23 15:18 

Temperature (°C) 13.4 14.3 15.3 16.5 20.3 20.3 19.1 

Pressure (bar) 96 96 97 98 100 97 97 

Y5 

Time 7:39 8:40 9:37 10:39 11:39 12:36 13:38 

Temperature (°C) 12.6 13 13.3 13.8 17.5 22.6 25.1 

Pressure (bar) 96 89 95.5 95 97.5 >100 >100 

Y6 

Time 11:25 12:26 13:36 14:56 15:27 16:27 17:31 

Temperature (°C) 8.7 8.6 8.5 7.7 7.1 6 5.7 

Pressure (bar) 96 97 98 97 96.5 97 97 

Y7 

Time 9:00 10:01 11:05 12:00 12:59 14:00 15:00 

Temperature (°C) 12.6 13 13.8 14.3 14.5 14.5 14.1 

Pressure (bar) 95 94 94 93 96 96 95.5 

Y8 

Time 11:15 12:15 13:13 14:18 15:15 16:20 17:15 

Temperature (°C) 14.3 14.6 15.1 14.9 14.5 13.9 13.4 

Pressure (bar) 96 96 96 94.5 92.5 95 94 

Y9 

Time 9:16 10:13 11:22 12:17 13:21 14:16 15:16 

Temperature (°C) 7.4 6.7 6.7 6.5 7 6.8 6.1 

Pressure (bar) 95.8 92 97 96.5 97 96.5 96 
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Pipeline 

section ID 

Recorded (Time) and 

measured (Temperature, 

Pressure) data 

Recorded (Time) and measured (Temperature, Pressure) values 

Y10 

Time 8:50 9:55 10:48 11:48 12:53 13:57 14:50 

Temperature (°C) 8.6 8.4 8.3 8.4 8.4 8.4 8.1 

Pressure (bar) 95.5 92 90 95.5 95.5 95 94.5 

Y11 

Time 8:15 9:20 10:08 11:13 12:18 13:13 14:22 

Temperature (°C) 7.9 8 7.9 8.4 9 10.4 10.3 

Pressure (bar) 95.5 95.5 95.2 95.5 95.7 96 96 

Y12 

Time 9:25 10:32 11:34 12:45 13:34 14:39 15:39 

Temperature (°C) 9.6 9.9 10.5 11.2 11.3 10.6 10.4 

Pressure (bar) 94 94 95.5 96 96 95.5 95.5 

 

Due to the change in temperature during the pressure test, the pressure of some samples was elevated above 100 bar, and the exact temperature could 

not be measured. Consequently, the use of a manometer with an extended range is suggested for future investigations.
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During the pressure test, no pipe sections were damaged, and temperature and pressure values 

remained within acceptable ranges. All tested pipeline sections withstood the 6-hour-long 

hydrostatic pressure test without any significant loss of internal pressure. The result indicates that 

the quality of the pipe sections and the test girth welds was not significantly altered by the strength 

pressure test phase. 

 

8.5. Burst test 

After the burst tests were completed (Figure 74), the video camera recordings were reviewed, the 

picture-frames corresponding to the moment of failure were cut, and the internal pressure vs. burst 

test time diagrams were plotted from the recorded internal pressure values (Figure 75). 

 

 

Figure 74 Y1 pipeline section at the moment of its failures 

 

Figure 75 The pressure value during the burst test (example) 
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9. TESTING RESULTS 

Results of the visual testing (VT) and the radiographic testing (RT) repeated after the fatigue tests 

showed no detectable decisive changes in any of the cases. Table 13 summarizes the results of the 

radiographic examinations performed by Albera'97 Ltd. before and after the fatigue tests. This 

means that the fatigue stage did not cause significant changes in the quality of the investigated 

girth welds.  

Figure 76, Figure 77, Figure 78, and Figure 79 illustrates the average deflection vs. fatigue cycle 

number curves for each pipeline section subjected with minimum, intermediate, maximum and all 

superimposed bending, respectively. The data are derived from the systematic processing of 

functions similar to the functions of the diagram. The curves for 2 σa, 4 σa, 6 σa, and 8 σa stresses, 

furthermore for circumferential and axial notches are clearly distinguished in the figure. As the 

figure illustrates, the magnitude of the stress plays a determining role. It is noteworthy that the 

curves for each pipeline section show the same trends and their location is fully consistent with 

our approach. 

 

 

Figure 76 Average deformation (deflection) values and their variation during fatigue tests under 

minimal external bending load (Y4 and Y5 pipe sections, 2σₐ) 
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Table 13 Results of radiographic testing (RT) performed on the test girth welds by Albera’97 Kft., before and after the fatigue test 

Pipeline 

section ID 
Before the fatigue test After the fatigue test 

 GWS* T/E D&C [107] GWS* T/E D&C [107] 

Y3 Y3 2022.06.30. 602 – S N/A N/A N/A 

Y1 Y1/V13**** 2022.06.15. 
2015 – S; 602 – S and “Film 

error” 
13***** 2022.07.27. Nothing 

Y2 Y2 2022.06.30. 5013 – S 14 2022.07.27. Nothing 

Y4 Y4 2022.06.30. 602 – S Y4 2022.10.06. 
Nothing and “Contamination in 

the pipe” 

Y5 17 2022.07.27. 2011 – S; 602 – S Y5 2022.10.06. 2011 – S 

Y6 18 2022.07.27. Nothing Y6 2022.11.10. Nothing 

Y7*** Y7 2022.10.06. 515 – S Y7 2022.11.10. 604 – NS 

Y8*** Y8 2022.10.06. 2016 – NS 

Y8 2022.11.10. 604 – NS 

Y8 2022.11.29. 

2015 – NS; 604 – NS and 

„Grinding traces across the 

weld” 

Y9*** 9 2022.11.10. 5012 – S Y9 2022.11.29. 
604 – NS and „Grinding traces 

near the weld” 

Y10*** 10**** 2022.11.10. 2015 – S Y10***** 2022.11.29. 
604 – NS and „Grinding traces 

near the weld” 

Y11*** 11 2022.11.10. Nothing R23 2023.11.07. 602 – S; 604 – S 

Y12*** 12 2022.11.10. Nothing R24 2023.11.07. 602 – S; 604 – S 

* Notation applied by the investigators, which are intentionally disclosed for the identification with official "Radiographic Test Report"-s. 

** The radiographic investigations and their assessments are not necessarily carried out by the same persons before and after the fatigue tests. 

*** It was not known to the radiographers that artificial notches were present around the girth welds - in all cases 604 reference numbers (grinding mark, local damage 

due to grinding) of imperfections were noted, and in some cases the presence of a grinding mark was specifically noted. 

**** The RT test report can be seen in appendix 3 

***** The RT test report can be seen in appendix 4 
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Figure 77 Average deformation (deflection) values and their variation during fatigue tests under 

intermediate external bending loads (Y6-Y11, 4σₐ and 6σₐ) 

 

Figure 78 Average deformation (deflection) values and their variation during fatigue tests under 

maximal external bending load (Y12 pipe section, 8σₐ)
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Figure 79 Average deflection values and their changes during the fatigue tests: all pipeline sections
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Figure 80 and Figure 81 show the internal pressure vs. burst test time diagrams for the investigated 

pipeline sections, where the arrows indicate the burst points. 

 

Figure 80 Internal pressure vs. burst test time diagrams of the investigated Y1-Y5 pipeline 

sections 

 

Figure 81 Internal pressure vs. burst test time diagrams of the investigated Y6-Y12 pipeline 

sections 
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The main characteristics of the Y1-Y5 and Y6-Y10 diagrams are the same; however different burst 

test times can be noticed. Partially different behavior was observed for Y11 and Y12 pipeline 

sections, due to the larger size of the notches and the higher stress (σa) resulting from the higher 

bending load.  

The average internal pressure growth rate values both in the first stage and in the latter stages can 

be assessed as quasi-static values, no significant dynamic effects were observed. In all cases, we 

have experienced different numbers of tines-like changes on the curves which demonstrate the 

volume increase of the pipeline sections. The increase in volume is the natural result of elastic-

plastic deformation; during these periods, the system draws water from the water supply network.  

A dimensionless safety factor was interpreted to quantify the behavior of the pipeline sections, 

with the following equation: 

𝑆𝑎𝑓𝑒𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟 =  
𝐵𝑢𝑟𝑠𝑡 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝐴𝑙𝑙𝑜𝑤𝑎𝑏𝑙𝑒 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒
=

𝐵𝑃

𝑀𝐴𝑂𝑃
 (17) 

where BP is the measured burst pressure [bar] and MAOP is the Maximum Allowable Operating 

Pressure [bar]. 

Table 14 summarizes both the main characteristics and the burst pressure (BP), furthermore the 

safety factor (SF) values of the investigations, assuming that the value of the MAOP is 64 bar. 

Figures following Table 14, in accordance with the sequence applied in Table 13, Table 14, 

systematically demonstrate the failure characteristics of each pipeline section (Y1-Y12), camera 

images captured at or very near the moment of failure, and the locations of damage followed by 

the damage section and the outer diameter of the pipelines after the burst test (Figure 82- Figure ). 

Images cut from the video recording show clearly and distinctly in which cases the failure occurred 

on the pipe body and in which cases it occurred in the tested girth weld. 
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Table 14 The main characteristics and the burst pressure (BP) and the safety factor (SF) values of the investigations 

Pipeline section ID Notch location Notch direction Burst pressure(bar) Failure location SF ( – ) 

Y3 N/A N/A 446 pipe surface 6.97 

Y1 N/A N/A 447 pipe surface 6.98 

Y2 N/A N/A 447 pipe surface 6.98 

Y4 N/A N/A 473 pipe surface 7.39 

Y5 N/A N/A 446 pipe surface 6.97 

Y6 N/A N/A 462 pipe surface 7.22 

Y7 girth weld HAZ circumferential 457 pipe surface 7.14 

Y8 through girth weld axial 348 axial notch through girth weld 5.44 

Y9 girth weld HAZ circumferential 461 pipe surface 7.20 

Y10 girth weld HAZ circumferential 467 pipe surface 7.30 

Y11 through girth weld axial 152 axial notch through girth weld 2.38 

Y12 girth weld HAZ circumferential 250 circumferential notch 3.91 
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Figure 82 Moment of failure of the pipeline section Y3 during the burst test: side view (top), 

longitudinal view (middle), the Y3 pipeline section after the burst test: the damaged section and 

the tested girth weld (bottom) 
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Figure 83 Moment of failure of the pipeline section Y1 during the burst test: side view (top), 

longitudinal view (middle), the Y1 pipeline section after the burst test: the damaged section and 

the tested girth weld (bottom) 
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Figure 84 Moment of failure of the pipeline section Y2 during the burst test: side view (top), 

longitudinal view (middle), the pipeline section Y2 after the burst test: the pipeline section with 

the damaged section (and the damaged coupling fitting highlighted with red circle) partially 

ejected from the test pit (bottom) 
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Figure 85 Moment of failure of the pipeline section Y4 during the burst test: side view (top), 

longitudinal view (middle), the pipeline section Y4 after the burst test: the damaged section 

(bottom) 
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Figure 86 Moment of failure of the pipeline section Y5 during the burst test: side view (top), 

longitudinal view (bottom) 
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Figure 87 Pipeline section Y5 after the burst test: pipe section displaced on the support beam in 

the test pit (top), damaged section (second), moment of failure of the pipeline section Y6 during 

the burst test: side view (third), longitudinal view (bottom) 
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Figure 88 Pipeline section Y6 after burst test: section of pipe (with the burst support beam and 

the damaged external load transfer device) in the test pit (top), damaged section (bottom) 



 TESTING RESULTS 

 

89 

 

 

Figure 89 Moment of failure of the pipeline section Y7 during the burst test: side view (top), 

longitudinal view (second), the pipeline section Y7 after failure: the pipeline section displaced 

on the supporting beam (and the damaged external load transfer structure) in the test pit (third), 

the damaged section (bottom) 
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Figure 90 Moment of failure of the pipeline section Y8 during the burst test: side view (top), 

longitudinal view (middle), the pipeline section Y8 after failure: the damaged area with axial 

notch perpendicular to the girth weld (bottom) 
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Figure 91 Moment of failure of the pipeline section Y9 during the burst test: side view (top), 

longitudinal view (middle), the pipeline section Y9 after the burst test: the damaged section 

(bottom) 
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Figure 92 Moment of failure of the pipeline section Y10 during the burst test: side view (top), 

longitudinal view (middle), the pipeline section Y10 after the burst test: the damaged section 

(bottom) 
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Figure 93 Moment of failure of the Y11 pipeline section during the burst test: side camera image 

(top), longitudinal camera image (middle), the pipeline section Y11 after the burst test: the 

damaged section (bottom) 
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Figure 94 Moment of failure of the Y12 pipeline section during the burst test: side camera image 

(top), longitudinal camera image (middle), tested pipe section Y12 after the burst test: the 

damaged section (bottom) 

Figure 92 shows the characteristic shape of the damaged area of Y1-Y10 pipeline sections; 

furthermore Table 14 summarizes the measured geometrical data on these areas. 
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Figure 95 The damage section 

Table 15 The damage section measurements 

Pipeline ID Lv (mm) Lh (mm) D1 (mm) D2 (mm) D3 (mm) 

Y1 56 261 126 129 127 

Y2 41 234 125 127 124 

Y3 64.5 243 124 131 124 

Y4 50 240 124 129.5 122 

Y5 60 245 123 133 125 

Y6 70 255 123 145 122 

Y7 61 234 118 151 121 

Y8 39 174 115 137 116 

Y9 55 254 118 144 117 

Y10 61 269 121 151 121 

 

Based on the results of the burst test, it was found that: 

− The failure of the investigated pipeline sections without artificial notches (Y1-Y6 pipeline 

sections) occurred similarly to Figure 82- Figure 88, but in none of the cases in a girth weld, 

and the burst pressures were significantly higher than the operating pressure. 

− The failure of the investigated (in the girth weld HAZ) circumferentially notched pipeline 

sections Y7 (Figure 89), Y9 (Figure 91), Y10 (Figure 92) and Y12 (Figure 94) pipeline sections 

with one exception (Y12) occurred similarly too, in all cases in the pipe body, regardless of the 

notch depth and the magnitude of additional stress from bending load. The failure of the 

exceptional pipeline section (Y12) occurred in the notch at a significantly lower pressure than 

in other circumferentially notched cases. Furthermore, the burst pressures were significantly 

higher than the operating pressure. 

− Failure of the pipeline sections containing axial notch Y8 (Figure 90) and Y11 (Figure 93) 

pipeline sections occurred in the notch and at significantly lower pressure than the other notch-

free and notched pipeline sections. 

− The failure sections of all the pipelines except Y11, Y12 are measured, in addition to the outer 

diameter of the pipeline in the middle and at the sides of the failure section, after the failure 

measurements described in Figure 95 and Table 15. Based on those results, we can notice that 

the failure for all the samples started at one point, which D2 was measured, then extended in 

both directions, and at the end of the failure section, D1 and D3 were measured. 
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10. THESES 

T1. The damage cause distributions of domestic (Hungarian) hydrocarbon transmission pipelines 

differ from those of foreign pipelines; the differences can be originated in a higher ratio of damage 

on the girth welds of the domestic system. The statement has been proved by an analysis and a 

comparison of domestic and international damage statistics. (1) (2) (8) (11) 

T2. The own designed and implemented device for transmitting bending load, in cooperation with 

and forming an integrated system with the pressure intensification unit, is suitable for reliable 

testing of full-scale pipeline sections without and with girth welds subjected to cyclic internal 

pressure and superposed external bending. The statement has been confirmed by the investigations 

carried out and their results. However, the outside diameter of the investigated pipeline sections 

depends on the structural element (device) designed to transmission the bending load, therefore 

limited. (1) (3) (5) (15) 

T3. The material discontinuities of the girth welds loaded with a number of internal pressure cycles 

(60% MAOP - 100% MAOP) in the range of high cycle fatigue did not increase under cyclic 

loading, and new material discontinuities did not develop; furthermore, this was not affected by 

the superposition of external loads on the cyclic loading. This statement has been confirmed by 

the results of radiographic examinations carried out before and after the fatigue tests. (1) (2) (3) 

(4) 

T4. In the case of external loads being superposed on cyclic loads, as complex loads, the damage 

to the girth welds is primarily influenced and determined by the external load and its magnitude. 

This statement has been verified by the fact that no failure occurred in the girth welds either under 

fatigue loading or during the pressure test following fatigue loading. (2) (3) 

T5. The load bearing capacity and safety of complex loaded girth welds with artificial defects 

(notches) is determined by the interaction of location, length and depth of the artificial notches. 

This statement has been confirmed by the results of tests carried out on pipeline sections containing 

artificial notches. (3) (6) (7) 

T6. Girth welds have a (residual) load-bearing capacity, in other words an operating reserve, even 

in cases where they contain defects not permitted by the specifications. This statement has been 

confirmed by the results of tests, where, despite the presence of artificial defects not allowed, the 

failure did not occur in the girth welds but in the pipe body. The statement is valid up to the limit 

of the investigated defects. (6) (7) (12) 
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11. SUMMARY AND FURTHER PLANS 

This study focused on developing the structural integrity of pipelines through a series of full-scale 

tests, based on the results of the previous research that helped us understand pipeline behavior 

under operational and extreme conditions. Collaborating with an industrial partner, an on service 

pipeline samples were acquired to perform the research.  A special fixing device was designed and 

built to hold the samples during testing, to make sure of consistent and reliable results. Starting 

with radiographic testing (RT) to start with a baseline assessment of the samples’ structural 

integrity, ensuring no pre-existing defects. The samples were subjected to a six-hour hydrostatic 

pressure test, simulating the operational pressures. After the test, the radiographic test confirmed 

no structural changes, indicating robust performance under sustained pressure. Following that, a 

cyclic fatigue test (100,000 cycles) was performed between the 60% and the 100% of the actual 

working pressure values to simulate long-term operational stress. The radiographic tests again 

showed no signs of deformation or micro-cracking. The final test part involved burst tests to 

evaluate failure under varied conditions: Simple burst test: Assessing baseline failure pressure. 

Burst tests with superimposed loads: Applying external forces to simulate geological or 

mechanical stresses. Notches during the burst test were performed to conducted on samples with 

axial and circumferential notches to study crack propagation under stress concentrations. These 

burst tests, designed to induce failure, provided critical data on pipeline performance under 

extreme and defect-prone conditions. While the pressure and fatigue tests demonstrated the 

samples’ resilience, the burst tests revealed failure modes dependent on load type and notch 

orientation, offering insights for pipeline design and safety protocols. 

The own-developed test system is suitable for testing full-scale pipeline sections without and with 

girth welds subjected to cyclic internal pressure and superimposed external bending. The outside 

diameter of the pipes to be investigated is limited by the structural element (device) designed to 

transmission the bending load. 

The failure of the tested pipeline sections without artificial notches occurred similarly, but in none 

of the cases in a girth weld, and the failure pressures (burst pressures) were significantly higher 

than the operating pressure. The failure of the tested circumferentially notched pipeline sections 

with one exception (Y12 pipeline section) occurred similarly too, in all cases in the pipe surface, 

regardless of the notch depth and the magnitude of additional stress from bending. The failure of 

the exceptional pipeline section (Y12) occurred in the notch at a significantly lower pressure than 

in other similar cases. Furthermore, the failure pressures (burst pressures) were significantly higher 

than the operating pressure. Failure of the pipeline sections containing axial notch (Y8 and Y11 

pipeline sections) occurred in the notch and at significantly lower pressure than the other 

unnotched and notched pipeline sections. 

Both the performed full-scale tests and the determined safety factor values have confirmed the 

high load-bearing capacity of the girth welds produced to the required quality. The high load-

bearing capacity covers both cyclic and complex loads. This also implies that previous damages 

in the Hungarian gas transporting system have occurred in girth welds of unacceptable quality 

and/or subjected to significantly higher overloads. 
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The investigations and their results have demonstrated the importance of the full-scale tests. 

Moreover, these investigations have confirmed that further full-scale tests should be executed in 

the near future. 

− Pipeline sections containing girth weld should be investigated applying higher axial stresses 

from the superimposed external bending (e.g. eight times of the axial stress from the maximum 

internal pressure). 

− Similarly necessary to test pipeline sections that contain deeper and/or longer artificial notches 

on the tensile bending stress side of the girth welds. 

− The effect of the temperature, basically the lower temperatures, should also be investigated. 

The operating pipelines have below-ground sections, where the temperature at the laying depth 

is 8 °C under the climatic conditions in Hungary. 

− In many countries, including Hungary, there are plans to blend hydrogen into the natural gas 

transmission system[104]. Therefore, the tests should be extended to cover the testing of girth 

welds exposed to hydrogen. 

− The future planned studies and investigations should be carried out by varying the parameters 

separately in the short term, and jointly in the medium and long term. 
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12. APPLICATION POSSIBILITIES OF THE RESULTS 

Based on the experiences acquired from the use of the developed testing system, as well as the 

tests performed and their results, the potential applications of the research work are as follows. 

− The developed testing system is suitable for full-scale testing of cylindrical structural elements 

(industrial and transporting pipelines, pressure vessels) subjected to complex loading (static or 

cyclic internal pressure and external bending). During the investigations, geometric constraints 

of the system must be taken into account. 

− The developed testing system enables and offers possibilities for further development and may 

serve as a basis for the construction of similar systems. Several directions for further 

development can be projected: the application of non-ambient temperatures, the use of external 

media different from the environment and internal media different from water, and the 

application of tensile and/or torsional static preloading. 

− The existing results and the results of further similar tests allow operators to establish rankings. 

On the one hand, allowable discontinuities can be ranked, and on the other hand, potential loads 

can also be ranked in terms of both hazard and acceptability. These rankings may influence the 

design and implementation of welding technologies, as well as the planning and execution of 

non-destructive testing of welded joints. There is no realistic prospect that the extent of testing 

for girth welds could be reduced below 100%, but a differentiated and optimized application of 

testing techniques seems achievable. 

− The results can provide a basis for a deeper and/or more complex assessment of the integrity of 

girth welds by evaluating the influencing effects of welding discontinuities and artificial flaws. 

This may lead to the revision of currently valid prescriptions and the modification of the limit 

values of the criteria contained therein. The modification of limit values is conceivable in both 

directions: both tightening and relaxation are possible. 

− The experiences acquired from the examination of girth welds may contribute to the 

modification of intervention strategies, and thereby help in the prevention and reduction of 

failures. 

− The experiences acquired from the examination of girth welds may also support the assessment 

of the integrity of seam and spiral welds. 
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