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Abstract. Girth-welded structures, such as tubular trusses, risers, and pipelines, are often subjected to significant lateral loading, leading to large bending and low-cycle fatigue. Ensuring their structural integrity requires accurate fatigue testing, especially for welded joints in close proximity, such as after weld repairs. While standards define minimum weld spacing, they often lack sufficient technical justification or validated fatigue test geometries. This study addresses these limitations by investigating how specimen geometry and notches influence the accuracy and reliability of fatigue tests compared to full-scale tubular sections. Finite element modeling (FEM) is employed to assess the reliability of different specimen geometries for girth welds in close proximity, ensuring they accurately represent welded joints and contribute to the overall safety of these structures. A comprehensive numerical investigation is conducted using FEM combined with continuum damage modeling. Material parameters, obtained from experimental testing, are integrated into the numerical model. By simulating fatigue loads on various girth-welded specimen geometries and comparing the results to full-scale sections, the study identifies failure locations and examines how different configurations affect fatigue life and crack initiation. These insights inform the development of specimen geometries that most accurately replicate real-world fatigue conditions in girth welds. The numerical analysis reveals that specimen geometry significantly influences fatigue test accuracy for girth welds in close proximity. Through the assessment of stress distribution and crack propagation patterns, optimized specimen geometries are identified to enhance the reliability of low-cycle fatigue test results. These findings establish best practices for fatigue test specimen design, contributing to the development of more accurate testing methodologies. The research has significant implications for the structural integrity and safety of girth-welded structures, providing a more accurate approach to fatigue performance evaluation and supporting advancements in fatigue testing.
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Introduction
Girth welded tubular structures such as trusses, risers, and pipelines are often exposed to cyclic loading, which can lead to fatigue failure [1, 2]. Due to the complexity of their load histories, these structures require thorough integrity assessments, necessitating an understanding of the loads they will experience over their service life. While assumptions about this loading can be made, engineers are still required to perform damage accumulation calculations [3, 4]. In addition to cyclic loading, tubular frames and pipelines are often exposed to extreme loading events, such as earthquakes, hurricanes, support settlements, and slamming loads from collisions, which induce large strain and plastic deformations associated with widespread yielding [4, 5]. These effects are typically linked to low-cycle fatigue (LCF) and ultra-low-cycle fatigue (ULCF). In recent years, fatigue testing of steel tubular sections under ULCF conditions has become a focus of research aimed at understanding the underlying damage mechanisms [5]. To evaluate fatigue resistance under such conditions experimental tests is performed using small-scale test specimens, where testing standards provide prescribed geometries for small-scale specimens [3]. However, steel tubular sections are generally joined by welds, which introduce complexities such as stress concentrations, material inhomogeneities, and residual stresses at the weld locations [3, 6]. Furthermore, girth-welded structures have often welds placed at close proximity such as in the case of weld repairs or intersecting joints, which can complicate matters even further and reduce fatigue life [7, 8]. The proximity welds will impact on the material characteristics, stress concentration factors (SCF) and welding residual stresses (WRS) [7]. Additionally, specific investigations into the structural integrity of proximity welds under extreme plastic loading remain limited, particularly for LCF and ULCF scenarios [5, 9]. Moreover, the global elastic response of a tubular structure, such as flexural or torsional stiffness, depends on the distribution of material properties across its entire length and circumference [10]. A small specimen, with uniform boundary conditions and limited geometry, may not replicate how these property gradients influence stress redistribution, crack initiation, or fatigue progression in a full-scale component [3, 11, 12]. As a result, there is a risk that conclusions drawn from small-scale fatigue tests may overestimate or underestimate the fatigue resistance of actual structures. To ensure that the test specimen geometry appropriately represents the behavior of welded joints, this study emphasizes the application of continuum damage modeling to evaluate the performance of candidate fatigue test specimens for girth welds placed in close proximity. Tensile and hardness tests, along with macro examinations, were conducted to accurately characterize the material. The results from these experimental tests enabled the derivation of material constants for the constitutive damage model, which led to a better understanding of material behavior under LCF. This was achieved through data processing, with the final output being input parameters for the material constitutive models in the finite element software Abaqus. The numerical simulations have been performed using Abaqus/Explicit and employing the Ductile damage model for damage accumulations and behavior of cyclic loading to final failure. The simulations were conducted in the ULCF regime, which requires relatively low computational time. A strain-based fatigue loading condition was applied in accordance with ASTM E606/E606M [13], as it is most suitable for capturing large plastic deformations. This approach was chosen to better represent local deformations and stress concentrations near welds and notches.

Background
One of the most critical factors when performing experimental tests of girth welded structures is the reliability of the used test specimen geometry and its behavior during loading conditions for capturing the real structural behavior [3]. For instance, previous studies have showed that large full-scale specimens usually present shorter fatigue life compared to the smaller strip specimens for girth welded pipes at lower stress ranges during high-cyclic fatigue (HCF) force controlled testing [14, 15]. This is often attributed to the higher likelihood of material defects or microstructure inhomogeneities, in addition it is assumed that the weld residual stresses in small strip specimens gets relieved during processing of the test samples [16, 17]. Previous studies on pipes subjected to LCF have employed various small-scale specimen geometries to investigate the base material behavior of steel tubulars under different LCF conditions [5]. However, the representativeness of welded small-scale specimens in capturing the fatigue behavior of full-scale girth-welded tubular sections remains unclear and need further investigation [5, 9]. A deeper understanding of how specimen geometry influences fatigue response is critical to improving the predictive accuracy of fatigue assessments and developing more representative test methodologies for girth-welded tubular structures. Therefore, it is crucial to investigate the effects of specimen geometry and loading conditions in terms of its effect on fatigue life or fatigue strength to accurately represent the welded joint. Moreover, notched specimens with a large stress gradient at their most highly stressed location generally endure higher local stress amplitudes than smooth specimens for the same number of fatigue cycles [16]. Such localized stress concentration effects depend on the notch geometry and loading conditions and can significantly reduce the actual component fatigue life. The total localized notch stresses consist of components of membrane stresses, plate bending stresses, and the nonlinear stress component due to the notch effect on a weld toe or sharp edges [18, 19]. A normal recommended approach is to investigate the stresses by applying FEM to determine how the test sample and material behaves during loading [3]. One is encouraged to ensure proper sample geometry in order to state stresses at notches to ensure low stress conditions at the transient radius of the test samples, in addition several standards give different geometry factors and transient radiuses in order to ensure proper sample geometry [3]. Previous studies have shown the value of utilizing FEM in order to ensure proper notch tip profiles, and for determining SCF for the transient radius and for optimizing the variable tip radii of notches for both uniaxial and multiaxial load applications [20, 21]. However, stress concentrations on the samples are one aspect that can cause disturbance and affect the location of failure but what effects do the change in transient radius have on the fatigue behavior and overall reliability. Furthermore, fatigue testing of welded test samples advances the testing even more by implementing multiple material and geometric characteristics that makes the samples react differently in different parts of the sample [3]. Some parts of the samples are more elastic and ductile than other parts and the strain reaction is therefore different, however the slenderness of the sample may vary depending on the size of the transient radius of the sample [3]. In this context what are the consequences and how do we determine the reliability and whether the fatigue strength of the test sample determine on the transient radius.  To accurately assess the damage caused by cyclic loading on welded test geometries, it is important to use a reliable deterministic analysis model [22, 23]. The most advanced models are making use of the finite element method and non-linear analysis in computer assisted analysis, using software packages such as ABAQUS or ANSYS [24]. A precise numerical analysis with damage accumulation due to large tensile and cyclic stresses on the test specimen can be a favorable tool to investigate the small-scale test samples response to cyclic loading including the stress concentrations and location of failure compared to full-scale sections [23]. The accuracy and performance of steel tubes undergoing progressive degradation due to cyclic loading has previously been investigated numerically by implementation of various damage models [5, 24]. This remains still an area of active research, given the uncertainties surrounding both the physical mechanisms of damage at the microscale and the metallurgical interpretations of applying continuum damage models [5].  Developing an effective digital twin for welded structures, however, requires a multidisciplinary approach. It involves the detailed modeling of material responses, welding-induced residual stresses, microstructural transformations, and geometric complexities.

Challenges in Testing Girth-Welded Tubes
In this paper small-scale fatigue test specimens made from a girth welded tube is studied under cyclic loading and compared to full-scale sections. As there is a lack of standardization in welded fatigue test specimens, it is necessary to investigate their response and behavior, considering the complications introduced by the welded section [3]. In addition, there has not been prescribed or conducted specific fatigue testing of proximity welds. The fatigue testing specimens in this study is based on the recommended practice from DNV-RP-F108 [25], developed for testing and analyses for fracture control of pipeline and riser girth welds subjected to cyclic plastic deformation. The recommended specimen geometry in DNV-RP-F108 is prescribed for a single girth weld with the gauge section width and length of 50mm and a transient radius of 25mm, thus a radius to width of 0.5 [25]. While there are several other standards and codes for fatigue tests, such as ASTM E606 [13], ASTM E466 [26], ISO 1099 [27], and ISO 12106 [28], none of these specifically address fatigue testing of welds. Most of these standards prescribe a larger transient radius than DNV-RP-F108, and several previous studies have also employed a larger transient radius for the chosen geometries. Where the most comparable geometry, from ASTM E606 prescribes a radius to width of 1.0 [13]. Given this difference, along with observed variations in fatigue performance between small-scale and full-scale fatigue tests of girth welds, it is of interest to investigate the effects of the radius prescribed in DNV-RP-F108 against a larger radius as prescribed in ASTM E606 and others in order to evaluate the cyclic performance, stress concentrations and location of fracture for the test geometries for a best practice evaluation for fatigue testing of girth welds at close proximity. Therefore, this study will investigate the small-scale test samples with two transition radiuses and with an adjusted girth section for testing of proximity welds, three different distances between the proximity welds is analyzed using nonlinear finite element simulations. The specimens have the same dimensions in terms of the gauge section and total length. Additionally, two full-scale sections of different lengths were modeled and analyzed to compare and correlate the results from the small-scale test specimens. To realistically investigate cyclic performance using numerical modeling, a calibrated plasticity model was developed based on experimental tests. This model, combined with a ductile damage initiation criterion, was used to predict the performance of the fatigue specimens.

Material and Methods
The outline of the procedures is presented in the flow-chart shown in Fig. 1.
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[bookmark: _Ref198722021]Fig. 1. Flow chart.

Description of the fatigue geometries
   The fatigue test specimens investigated in this study are fabricated from girth-welded tubes with standardized dimensions for the gauge section, having an outer diameter of 219 mm and a wall thickness of 8.2 mm, as shown in Fig. 2. The two small-scale specimens investigated have two different transition radii of 25mm and 50mm and is presented in Fig. 4. In addition, two tubular sections with different total lengths were modeled to compare the fatigue behavior of the small-scale specimens with results from full-scale fatigue tests. The small-scale specimen and full-scale sections were modeled with two welds in close proximity and where three different distances between the welds of 5, 10 and 15mm was evaluated as precented in Fig. 3. The girth length of the small-scale test specimens was designed in accordance with the DNV-RP-F108 guideline, with some modifications. Where in order to include two welds the small-scale samples and was doubled in order to included parts of the unaffected base material in the girth section of the specimens [25]. To ensure realistic representation of the welded geometry, the weld profile was modeled in compliance with the requirements specified in EN ISO 5817 Table C.1 [29], for welded joints subjected to fatigue loading. Since analyzing the whole of the test specimen is more challenging in terms of computational time and effort, a subassembly of just 250mm of the small-scale test samples including the gage section and transition radii was chosen for the finite element analyses, while a 125mm and 150mm segment length was selected for the full-scale sections. As it is apparent for the small-scale samples shown in figure Fig. 4, this subassembly is representing the part of the test specimens that would be between the upper and lower grips of the test machine and will represent with boundary conditions applied at the interface points between the subassembly and the rest of the frame. The gauge section, where the load is concentrated in the small-scale specimens, corresponds to the test length of the full-scale sections and is intended to replicate the load experienced in the full-scale specimens.
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[bookmark: _Ref161404146]Fig. 2. Tubular section layout.
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[bookmark: _Ref161406719]Fig. 3. Details of the welded section where, x, represents distance between the welds and T, represent the thickness of the tubular section.
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[bookmark: _Ref161404105]Fig. 4. Fatigue test geometry
Material characterization and testing
In this study, the ductile damage model for predicting the onset of ductile fracture was used to investigate the fracture location of the studied welded specimens and tube sections. Ductile fracture is known as a continuous process in which nucleation, growth, and coalescence of micro voids in ductile metals lead to form a new free surface in the material [30, 31]. In the Ductile damage model, it is assumed that the equivalent plastic strain at the onset of damage ), is a function of stress triaxiality and strain rate [30, 31].

		(1)

Where is the stress triaxiality, is hydrostatic pressure and  is Mises equivalent stress and where  denotes the strain rate. Based on this definition, the damage variable can be defined as follows [30, 31]:

		(2)

This damage variable is an incremental state variable that increases monotonically with plastic deformations, , to reach D=1 which indicates the fracture initiation [30, 31]. In order to incorporate and simulate realistic material behavior and response during numerical simulations, the material parameters in the numerical damage model were implemented from uniaxial tensile tests conducted on a tube section made of S355G14+N material. As the weld consists of unaffected, and heat affected regions as well as a region consisting of the deposited weld material as shown in Fig. 5, it also depends on the distance between the welds. Therefore, it is necessary to implement and verify the material characteristics for the subsequent numerical models. In this study three material regions with separate mechanical properties were defined; Base material (BM), Heat affected zone (HAZ) and weld metal (WM).
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[bookmark: _Ref182218381]Fig. 5. Schematic diagram of the heat-affected zone of a 0.15 wt.% C steel indicated on the Fe-Fe3C phase diagram [32].
To calibrate the stress-strain behavior of the steel material, six flat dog bone samples was made in order to incorporate the material parameters for the base material and HAZ of the welded tubular section. Three round specimens were made from a typical deposit metal used for the type of steel tested, all the samples of each material section were tensile tested using a 250kN, INSTRON 5985 Dual Column Floor Frames tensile test machine. The sample specimen geometry for base material and HAZ is presented in Fig. 6 defined according to ASTM-E8/E8M [33], and they had a thickness of 5mm, the tested tensile samples and corresponding hardness samples is shown in Fig. 7, where the three samples representing the base material on the left, and the three heat-treated samples representing the HAZ on the right, with the corresponding hardness samples above each tensile test sample. In this study, the HAZ was characterized by a single material property, established through heat treatment of three of the dog-bone samples. In order to create the material characteristics representing the HAZ the three specimens were heated in a furnace up to 1200°C, well above the A3 temperature and held for 15 minutes to achieve full austenitization, and then rapidly cooled in air, following the time–temperature procedure illustrated in Fig. 8 to realistically simulate the HAZ after welding. 
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[bookmark: _Ref161411850]Fig. 6. The geometry of flat dog bone tensile samples used to determine the material properties of the base material and heat affected zone (HAZ).
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[bookmark: _Ref180063069]Fig. 7. The tested flat dog-bone tensile samples and hardness test samples.
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[bookmark: _Ref180051399]Fig. 8. Time tempering procedure for creating mechanical properties of the HAZ.
The resulting mechanical properties after heat treatment was compared and verified against the actual hardness properties of the HAZ of a welded section made from the corresponding base and weld material. The size of the HAZ was measured to approximately 2mm and was determined by hardness testing according to ISO 6507-1 [34], and through macroanalysis of a corresponding weld made from a tubular section with the same dimensions and properties as shown in Fig. 9 and where the hardness profiles is shown in Fig. 10. 
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[bookmark: _Ref180051584]Fig. 9. Hardness tested samples of welded sections.
[image: Et bilde som inneholder tekst, diagram, Plottdiagram, line

KI-generert innhold kan være feil.]
[bookmark: _Ref180051920]Fig. 10. Hardness profiles of the welded sections.
The hardness testing of the weld material showed that the welded section was harder, and thus stronger, than the base material, with hardness levels similar to the HAZ. The material parameters for the weld material were established for the weld material properties by testing three round dog bone samples that was extracted from a single sided but weld as shown in Fig. 11, and made from the same base material as previously described and where the testing was preformed according to ISO5178 [35]. The sample specimen geometry is presented in Fig. 12 defined according to ASTM-E8/E8M [33], and they had a gage diameter of 8mm, the produced samples is shown in Fig. 13.
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[bookmark: _Ref192669400]Fig. 11. The location of the extracted test specimen.
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[bookmark: _Ref192669588]Fig. 12. The geometry of round dog bone tensile samples used to determine the material properties of the deposited weld material.
[image: ]
[bookmark: _Ref192669641]Fig. 13. The tested round dog-bone tensile samples used for determining mechanical properties of the deposited weld material.
The mechanical properties that were implemented in the numerical model are summarized in Table 1 and the Engineering stress-strain curves and Force-displacement curves is presented in Fig. 14 below.
[bookmark: _Ref161410374]Table 1. Mechanical properties of the base material, HAZ and weld bead determined from experimental tests.
	Material section
	Yield strength [Mpa]
	Tensile strength [Mpa]
	Elongation [%]
	Hardness [HV]

	Base material
	398
	533
	34
	160

	HAZ material
	401
	592
	24
	188

	Weld material
	548
	592
	29
	220



In addition, in this study, the Young's modulus, 𝐸, was set to 210,000 N/mm², and Poisson’s ratio, ν, was set to 0.33 for the calculations and numerical simulations. The density of the implemented material, ρ, were set to 7.8 g/cm³.
 
[image: ]
[bookmark: _Ref161413246]Fig. 14. Engineering stress-strain curves for the implemented materials, generated from experimental tests for the base material, HAZ and weld bead.
To use the test data in the material plasticity model, true stress-strain curves are required. Before necking, the material is governed by a uniaxial stress state, where true stress and true strain were calculated from engineering stress and strain using the following formulas [36, 37]:

		(3)

		(4)
Where  and  are true strain and stress respectively, while  and  denote engineering values. After necking, these relations are invalid due to stress triaxiality and strain localization. In this study a linear transition was assumed between the ultimate and the fracture point. The damage parameters for Ductile Damage were calibrated with the fracture strain, , from the experimental results and stress triaxiality, η. The stress triaxiality, η, was set to 0.33 as previously used for flat dog-bone test samples [5]. The calibrated material plasticity and damage model were verified by establishing a numerical model of the tensile test specimen shown in Fig. 6 and Fig. 12. The damage models was calibrated to follow the degradation of all the experimental force-displacement curves after necking by using the linear damage evolution and calibration of the degradation line using the power law for plastic strain established by Ramberg-Osgood to approximate the stress-strain curve for a material by applying the following expression [36].

		(5)
Where, , is the fracture strength, K, is the Strength coefficient, n, is the strain-hardening exponent and 𝜀𝑓 is the true fracture ductility. The true fracture ductility, strain at fracture 𝜀𝑓, is expressed as follows [36, 37].

		(6)
 The force-displacement behavior shown in, Fig. 15 was generated to validate the material plasticity response of the numerical model against experimental data for the base material, HAZ, and weld bead. As illustrated in the figure, there is a good agreement between numerical and experimental curves.

[image: ]
[bookmark: _Ref161413134]Fig. 15. Verification of the material plasticity comparing the force-displacement behavior from numerical results against the implemented materials, generated from experimental tests.
Numerical setup and procedure
Nine different numerical models have been defined, three full scale models and six small-scale specimen models corresponding to the two specimen radii, 25mm and 50mm (1 and 2). Both the full-scale and small-scale models was made with the three different proximity distances 5mm, 10mm and 15mm (A, B and C). Fig. 16 shows the mesh of the full-scale models and Fig. 17 shows the six small-scale models. The models had the defined geometry for the welded section with a 2mm heat affected zone, the meshed welded section is shown in Fig. 18 and the computational parameters for the models is shown in Table 2. 
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[bookmark: _Ref197970503]Fig. 16. Finite element model of the pipe sections (L125 and L150), with color-coded areas of defined material properties.
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[bookmark: _Ref178774188]Fig. 17. Finite element model of the small-scale test specimens (1 and 2), with color-coded areas of defined material properties.
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[bookmark: _Ref180056622]Fig. 18. Mesh configuration of the welded section.

[bookmark: _Ref182211091]Table 2. Computational parameters.
	Parameter
	Setting

	Model type
	3D solid model

	Simulation type
	Dynamic, Explicit

	Damage model
	Ductile damage

	Damage evolution
	Linear Damage Evolution 

	Plasticity model
	Isotropic hardening

	Mesh type
	3mm, Hexahedral elements




The numerical small-scale models were constructed with a 3mm quadratic hexahedral elements, and they had four elements along its thickness direction. The mesh was selected after conducting a convergence analysis of the small-scale samples comparing three different mesh sizes in relation to the specimen thickness: 8mm (t), 4mm (t/2) and 3mm (t/3). The analysis indicated a force deviation of approximately 2% for the proximity distance of 5mm specimen with 25mm transition radii, which was considered acceptable using 3mm mesh. The full-scale models were given the same mesh size in the majority of the middle part of the model and a coarser mesh of 5mm at the ends at the boundary connections. The defined boundary conditions is presented in Table 3, where the right end surface of the model had the displacement and rotation fixed to zero in all its directions for all models, while the left end surface was defined with an imposed displacement amplitude in the sample longitudinal Z direction where the displacement and rotation was fixed to zero in X and Y direction. 

[bookmark: _Ref182209881]Table 3. Boundary conditions.
	Type
	x
	y
	z

	Displacement (in Z direction)
	-
	-
	U3= 1, (Amplitude)

	Boundary Condition (Z= 125)
	-
	-
	(U1=U2=UR1=UR2=UR3=0)

	Boundary Condition (Z= -125)
	-
	-
	(U1=U2=U3=UR1=UR2=UR3=0)




The boundary conditions were applied to the first 12 mm at each end of the full-scale sections to ensure a smooth simulation and prevent stress concentrations at the boundaries and close to the welds. As a result, the effective free test length was approximately 100 mm for the 125 mm tubular section and 125 mm for the 150 mm tubular section. The simulations were conducted using strain-based loading to account for potential plastic deformations. The strain-based loading of 1% (±0.5%) was selected based on recommendation in ASTM E606/E606M [13], which specifies suitable strain amplitudes for sheet specimens, it should be mentioned that the originally prescribed loading is for homogeneous material. The ULCF loading was chosen to reduce simulation time, and in addition it was also run in tension-tension with a mean displacement of +1.0% and with a strain rate, , of 0.8mm/s. Strain based fatigue are normally chosen for low-cyclic fatigue where plastic deformation is prominent and where material response is no longer purely elastic [5, 13]. The choice of running tension based fatigue is a recommended procedure for account for potential harmful residual stresses inherent in the welds before processing of small-scale test specimens during fatigue testing [3, 14]. In addition, in structures where stress concentrations, such as welds or notches, exist, local plasticity can dominate fatigue behavior [13]. Strain-based methods help better represent the fatigue life of materials in those highly strained regions [13]. The loading was chosen based on previous studies done for small-scale specimen and for pipes undergoing low-cyclic loading [5, 14]. The displacement was calculated based on the girth of the small-scale specimens, and the same displacement was applied to the full-scale sections without adjustment. This approach was taken to evaluate how the results might vary depending on the length of the full-scale section. The applied cyclic tension-based displacement evolution is shown in Fig. 19, and all simulations were run to final failure.

[image: ]
[bookmark: _Ref181188318]Fig. 19. Evolution of the applied displacement for the numerical simulations, here showing the first 0.25 step increments for the small-scale specimens.
Evaluations of stress concentrations
The resulting forces required to obtain the imposed displacement, and the stresses and strains were so postprocessed afterwards for the numerical models. The stress SCF for the welded section as well as for the transient radius were calculated at the max elastic displacement by employing the resulting force, F, and peak notch stress, , at the region of interest obtained by the FEA, where the nominal stress, , is in the specimen was calculated by using following expression [37]: 

		(7)

Where, A, is the gauge section area of the specimen. The SCF, ,  were calculated by following expression [37]:
		(8)
In cases when, ,  cannot be obtained from standards, an experimental investigation or FE analysis must be carried out. When employing an FE analysis, a detailed model is required with the right geometrical features. For evaluation of the stress concentration the, , was calculated by using the peak von Mises stress at the regions of interest (weld cap, weld root, and transient radius) [18, 38]. This is more conservative than using principal stresses but may be more realistic as the model dos does not capture all local geometrical variations that can impose further local stress concentrations [18, 39].
Results and Discussion
When studying differences in welded fatigue samples with different transient radii and when evaluating welds with different proximity distances, several characteristics and factors become critical for understanding how these variables affect the fatigue behavior and reliability of the test specimens compared to full-scale tubular sections. When welds are placed in close proximity to each other, differences between the stress concentrations can affect the overall structural integrity, fatigue behavior, and failure mechanisms therefore the response of the chosen specimen geometry can differ from one another and also in relation to the actual full-scale structural component it is intended to represent. After modeling and including the material characteristics established for the simulations for the isotropic plasticity model the simulations where run with the defined cyclic loading until final failure, the hysteresis cycles is given in Fig. 20 for the small-scale samples and in Fig. 21 for the full scale samples. It is observed that the hysteresis loops display stable cyclic behavior run in tension with only minor asymmetry, indicating that the Bauschinger effect is present but remains relatively moderate in these configurations. This limited manifestation of the Bauschinger effect can be attributed to the strain-controlled nature of the cyclic loading, which constrains the influence of kinematic hardening and promotes a stabilized cyclic response [5]. Furthermore, the use of an isotropic plasticity model inherently restricts the accurate representation of back-stress evolution, thereby underestimating the real material's sensitivity to load reversals [5].  Fig. 22 presents the cyclic performance over the defined step increments for the simulations of the test specimens with the three different proximity distances with the two transient radiuses, and Fig. 23 shows the cyclic response of  the same displacement acting on the two pipe sections. The Time-Force series display stable cyclic behavior with a progressive increase in reaction force during most of the first loading cycles, indicating a cyclic hardening effect. However, as the simulation approaches failure, a distinct reduction in force response is observed, reflecting material softening and damage accumulation leading to final fracture due to the element depletion.
[image: Et bilde som inneholder tekst, Plottdiagram, line, nummer

KI-generert innhold kan være feil.]
[bookmark: _Ref178933621]Fig. 20. Comparison of the first three hysteresis loops for test specimens with 25mm and 50mm transient radius and different weld proximity.
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[bookmark: _Ref178933836]Fig. 21. Comparison of the first three hysteresis loops for the tubular sections with different total length and different weld proximity.
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[bookmark: _Ref180061346]Fig. 22. Force evolution of the applied displacement for test specimens with different weld proximity.
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[bookmark: _Ref180061348]Fig. 23. Force evolution of the applied displacement for the tubular sections with different weld proximity.
As can be observed from Fig. 24 all simulations resulted in the failure occurring in the gauge region of the test samples as desired, and did not show any significant signs of local stress concentrations in the tested transient radiuses even if the simulations were run in the low cyclic fatigue range. However, specimen B.2 exhibited localized areas of elevated stress at the initial portion of the radius, attributed to bending stresses arising during the loading cycles. Overall, the most significant stress concentrations that were registered were located near the welds overall. The different full-scale pipe sections experienced also failure in the welded region of the simulated models as can be observed from Fig. 25. 
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[bookmark: _Ref181613705]Fig. 24. Resulting fractured small-scale test specimens.
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[bookmark: _Ref181611570]Fig. 25. Resulting fractured tubular sections.

   As shown in Fig. 26 and Fig. 27, the specimen with the largest transient radius resulted in the lowest cycles to failure, as indicated by the registered cycles to failure for the simulations presented in Table 4. The simulations also show a clear indication that the largest transient radius of 50mm resulting in a more uneven fatigue strength which indicates a 59%, 63% and 72% decrease in cycles until crack initiation for the proximity of 5mm 10mmfor and 15mm proximity compared to a 25mm transient radius. The same tendency was evident for cycles to final failure. In terms of proximity distances and fatigue performance it was evident that the smallest proximity of 5mm had the least difference in fatigue strength for the two radiuses and showed an increase of 15% for the smallest radius and 6% for the largest radius for cycles to crack initiation compared to the 10mm. But there was a larger difference from 5mm to 15mm where the simulations of the smallest radius resulted in a 24% increase in cycles before crack was initiated compared to the largest radius which had a 12% decrease from 5mm to 15mm. It was also evident that there was a smaller difference in cycles to failure between the results for the largest radius with an approximate difference of not more than 12%. This was also evident for cycles to final failure as shown in Fig. 27. 
[bookmark: _Ref181387558]Table 4. Overview of results from the finite element simulations.
	Notation
	Test specimen
	SCF 
Proximity Weld Cap
	SCF 
Proximity Weld root
	SCF
Transient radius
	Number of cycles until fracture initiation
	Number of cycles until final failure

	A.1
	W5_R25
	1.17
	1.35
	1.23
	111
	114

	A.2
	W5_R50
	1.18
	1.31
	1.09
	46
	81

	A.L125
	W5_L125
	1.15
	1.26
	-
	32
	35

	A.L150
	W5_L150
	1.17
	1.29
	-
	104
	116

	B.1
	W10_R25
	1.16
	1.35
	1.23
	131
	138

	B.2
	W10_R50
	1.17
	1.31
	1.09
	49
	84

	B.L125
	W10_L125
	1.15
	1.26
	-
	35
	40

	B.L150
	W10_L150
	1.16
	1.28
	-
	138
	146

	C.1
	W15_R25
	1.17
	1.29
	1.23
	147
	154

	C.2
	W15_R50
	1.16
	1.27
	1.09
	41
	72

	C.L125
	W15_L125
	1.15
	1.26
	-
	39
	44

	C.L150
	W15_L150
	1.16
	1.28
	-
	124
	132
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[bookmark: _Ref180058929]Fig. 26. Overview of the cyclic performance until crack initiation.
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[bookmark: _Ref180058730]Fig. 27. Overview of the cyclic performance until final failure.
   The number of cycles to failure is connected to the assumption of the smaller radius with the smaller transient region making the specimens stiffer and concentrates the cyclic movement and strain-loading more concentrated and evenly in the gauge section of the test specimen compared to the larger transient radius that has a larger transient region that will result in less stiffness. This can be seen in the Force-Displacement diagrams were the cyclic behavior of the larger transient radius needed slightly less force to achieve the same displacement compared to the smaller radius to achieve the same displacement, the behavior was also more unstable due to the buckling as shown in Fig. 22. In contrast, specimens with a 25mm transient radius displayed a more consistent cyclic behavior across different proximity distances, with fracture happening in the middle of the welded gauge section of the test specimens for all the proximity distances. In addition, the smaller transient radius that did not seemed to be inflicted by the change in proximity distances and provided a more uniform fatigue response across the proximity distances. The smaller transient radius showed an overall higher fatigue life compared to the larger radius that may also be more favorable in terms of providing a more realistic representation to the full-scale fatigue life that also do not experience any buckling. One thing that is evident is that the specimens generally experience more cycles to failure compared to full scale specimen even if the displacement is the same and the full-scale tubular sections has a longer free test length, this is the same tendencies as has previously been pointed out for real experimental tests comparing small-scale and full-scale tubular sections even as strain-based loading is considered in this study.

However, as shown in Fig. 23 there is a large difference in cycles to failure as anticipated when comparing different tubular sections applied with the same displacement of 1mm. As mentioned, the point of running the full-scale sections was to compare the cyclic response against the simulations done for the small-scale test specimens in order to evaluate to what extent the small-scale specimens are able to represent the behavior of full-scale sections. When calculating the strain loading of small-scale samples it is the girth section that will be the defined section for the calculated loading, thus the length of the girth section is the defined area of correlation to the full-scale detail. In this study the total free length between the supports of the two full scale sections of the tubular segments was slightly longer than the girth length of the small-scale specimens and was close to approximately 100mm and 125mm in order to not create stress concentrations at the boundary conditions set for the numerical models. It should be mentioned that the loaded side was not restrained in the loading direction and experienced some strain differences, but the results is still seen as valid for comparison of the cyclic response. As expected, the number of cycles to failure generally increases with the length of the tubular sections when the same displacement is applied. Nonetheless, geometric factors related to the weld introduce deviations, leading to inconsistencies in fatigue life. Although the girth section is defined as the primary region of interest, the total length of the specimen also contributes to the overall strain response. This is evident in the observation that the cycles to failure more closely resemble those of the longer pipe section. Whether this reflects actual physical behavior can only be confirmed through further experimental testing, but the presence of scale effects is clearly apparent.
As seen from the strain plots at the onset of fracture in Fig. 28, there is a higher level of strain at the weld root in the center of the test samples near the edges. This is caused by the sample geometry, which induces localized stress concentrations that are not representative of a full-scale girth weld. In contrast, the strain plots for the full-scale sections in Fig. 29, show that strains at the onset of failure are specifically concentrated near the welds on the root side, similar to the small-scale samples. However, a notable difference is observed for the full-scale B.L125 section with 10mm proximity distance, which failed between the welds on the cap side. This is believed to correlate with higher stress concentrations in this region, as the proximity distance is less compared to the 15 mm case. Additionally, unlike the section with a 5 mm proximity distance, the HAZ does not intersect the proximity region, resulting in a zone with relatively higher material strength. Nevertheless, due to the welds being positioned at a distance that is far enough to include some base material characteristics, yet close enough to generate significant stress concentrations, the failure occurs on the opposite side of the tubular section. 
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[bookmark: _Ref198124301]Fig. 28. Equivalent plastic strain at the onset of fracture in the small-scale test specimens.
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[bookmark: _Ref198124439]Fig. 29. Equivalent plastic strain at the onset of fracture in the full-scale tubular sections.

The SCF during the elastic regime of the first loading cycle were evaluated for various regions of the tubular sections and test specimens, namely the weld cap, weld root, and transient radius, as presented in Table 4. The SCF values varied slightly between specimens with 25 mm and 50 mm transient radii; however, the 50 mm radius generally exhibited lower SCFs at the transient radius, as expected. However, the occurrence of buckling in the 50 mm transient radius specimens under axial cyclic loading highlights a key limitation in the reliability of this geometry for LCF testing. Since buckling introduces non-fatigue failure mechanisms and additional bending stresses, it can obscure the true fatigue behavior and lead to premature failure not driven by material degradation. The proximity weld cap, and especially the weld root, consistently showed the highest SCF across all configurations, indicating that these regions are most susceptible to localized stress concentrations. This is particularly evident in configurations with 5mm proximity distances, which generally produced higher SCF at the weld cap side and root side compared to 10mm and 15mm distances, especially for specimens with the 50mm transient radius. The elevated SCFs at the weld cap and root side can be attributed to the variation in distance between the welds. As the simulations introduces plastic deformations the slenderness of the specimen with a 50mm radii causes more complex stress interactions and introduce moment and the deflections. The elevated SCF in these regions were due to the varying distance between the welds, while larger radii helped distribute stress more effectively across the transient region. Though stress concentrations were not analyzed in detail, the overall trend remains valid, suggesting that a more refined analysis with different weld geometries is needed. For future experimental fatigue testing, precise SCF measurement using strain gauges or Digital Image Correlation (DIC) should be applied to monitor the stress concentrations at the weld regions, particularly at the weld toe and in the proximity region, capturing the peak stress in both tensile and compressive directions during cyclic loading [3, 40, 41]. DIC would provide a more comprehensive understanding of the strain distribution, offering deeper insights into the material’s deformation behavior.
    As previous full-scale tests have been compared to small-scale samples with an even larger transient radius than evaluated in this study one should also evaluate what effect the transient radius has in regard to fatigue performance within the requirements from established standards. Monitoring of strain and dynamic behavior will also be essential in this context in order to ensure similar behavior and cyclic response so that the comparison of small-scale samples is correlating to full-scale tests. Scale effects should be addressed by correlating small-scale results with full-scale performance, including the analysis of strain gradients across the weld and base metal interface, which may differ due to variations in material transitions. Techniques such as DIC during full-scale tests can enhance validation by capturing detailed strain responses and identifying peak stresses at the weld. Reliable extrapolation from small-scale tests and simulations depends on accurately capturing these behaviors. When carefully validated, such approaches offer a cost-effective means of analyzing complex structural details, reducing the reliance on expensive full-scale testing. High-fidelity numerical simulations can identify potential failure locations early in the design phase, supporting the development of more robust structures and potentially extending service life. Additionally, examining the interaction of material properties and geometric features can improve failure prediction beyond traditional static analyses, moving simulations closer to true digital twin representations.
   It should also be noted that numerical models assume uniform geometry, toughness and defect-free welds that may overestimate the fatigue resistance of the welded test samples, leading to inaccurate predictions and can only be completely verified by experimental tests. Furthermore, given that closer weld proximities showed an increased cycles before crack initiation compared to the larger 10mm and 15mm distances for a 25mm transient radius without buckling, if this so where the true case would require further evaluation would be necessary by conduction of experimental tests in order to verify if this is the case.
 Additionally, smaller proximity distances may induce localized stress concentrations, potentially affecting crack initiation and propagation at adjacent welds. Overlapping HAZ could alter local material properties, influencing fatigue performance and failure locations, and not fully captured in the current numerical simulations. Residual stresses, which can significantly impact fatigue life, were not explicitly included, and was based on the assumption that they are relieved during specimen preparation. However, in real structures, overlapping residual stress fields from closely spaced welds may create high-tensile zones between welds, increasing susceptibility to crack initiation. To approximate this, simulations were run under tension–tension loading, consistent with previous fatigue studies [14, 42]. However, if there is introduction of residual stress over the welds and considering the potential effects of heat cycles caused by variations in the welding sequence, these factors could alter the mechanical properties of each weld. Understanding how cracks initiated at one weld might influence the integrity of adjacent welds is essential for fatigue life prediction. Continuum damage modeling has proven effective in analyzing fatigue behavior and performance in welded test specimens, particularly in identifying critical regions and configurations with varying transition radii. However, it is important to recognize that the failure patterns and behavior observed in actual experiments may differ from those predicted by numerical models. Therefore, experimental validation is necessary to confirm the real-world behavior of proximity welds under fatigue loading.
  
Conclusion
This study evaluated the fatigue behavior of welded test specimens with varying transient radii and proximity distances, providing valuable insights into how these geometrical parameters influence structural integrity under cyclic loading. Using numerical analysis supported by damage modeling, the research evaluated how different geometries affect stress distribution, crack initiation, and fatigue behavior. The simulations clearly show that transient radius influences the strain response and structural stiffness under high-strain cyclic loading. While the study primarily focused on material and geometric considerations, it also highlighted the importance and limitations of numerical simulations in accurately predicting fatigue performance. The main findings of the study are summarized as follows:
 
· Specimens with a 50 mm transient radius exhibited lower cycle counts and inconsistent behavior due to buckling effects, despite appearing consistent in other metrics. In contrast, the 25 mm transient radius provided more reliable and predictable fatigue results, suggesting that a smaller transient radius, approximately half the girth width, is preferable for LCF testing of welded specimens. 
· The region near proximity welds experienced the highest stress concentrations, directly influencing failure locations and cycles to failure. Most failures occurred near the proximity-welded region for both transient radii. However, in one case (10 mm proximity distance with a 50 mm transient radius), showed the only instance of element depletion occurring at the transient radii, highlighting the complex interplay between proximity distance, transient radius, and structural stiffness. This supports the potential benefit of smaller transient radii in obtaining more predictable during LCF, due to reduced buckling and more consistent fatigue results.
· Small-scale specimens tend to exhibit more cycles to failure compared to full-scale tubular sections, even under similar displacement conditions. This behavior aligns with previous experimental observations and highlights the importance of accounting for potential scale effects in fatigue life predictions.
· Accurate stress concentration factors for proximity welds need to be established through experimental verification. The study highlights how stress concentrations can vary depending on weld spacing and geometry, impacting failure initiation points. Failure between welds on the cap side may occur when increased stress concentrations coincide with altered material strength, leading to reduced fatigue resistance.
· The findings also emphasize the limitations of numerical simulations when analyzing welded fatigue samples, given that the simulations rely on assumptions of uniform material toughness and defect-free welds, which may differ in real-world conditions. 
· Additionally, continuum damage modeling has provided valuable predictions for understanding stress interactions and location of crack initiation even if it does not exactly can estimate precise cycles to failure and account for residual stresses and HAZ alterations, particularly where welds are in close proximity. 
· For practical applications and to enhance the reliability of fatigue life predictions, correlating the peak stress observed in small-scale test results with that of full-scale structures remains essential. By adopting a combined approach of numerical and experimental validation, especially in configurations with overlapping stress fields where peak stress can be closely monitored, this research framework can be refined to more accurately predict fatigue life for larger, complex welded structures.

While numerical analysis offers valuable insights into potential failure locations and structural behavior, creating a true digital twin of a welded structure requires integrating detailed considerations of material properties, welding procedures, residual stresses, and design geometry. Future research could build upon the findings of this study for investigating the fatigue resistance, strain distribution, and stress response in proximity welds, as well as the influence of welding sequence, thermal cycling and residual stress.
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Experimental tests preparation:
*Prepare tensile test and hardness test specimens according to standard
*Perform heat-treatment of test samples
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Experimental tests:
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Macroanalysis of welded section
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(Post processing of experimental results:

+Establish Stress-strain curves for implementation in FEA

eVerify the range of heat affected zone from hardness tests and macroanalysis
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Finite Element calibration model:
«Establish geometry and boundary conditions for the of the tensile test specimens.
«Calibrate and implement material properties within the numerical model.
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Calibrate parameter:
«Calibrate and implement material properties within the numerical model
«Ensure representative mesh sensitivity configuration - force convergence <5%

Run simulation

«Verify that the force displacement curves from the numerical 0
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FE-modeling of girth welded fatigue specimens:
«Establish geometry and boundary conditions for the FE-model of the girth welded
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+Apply the appropriate mesh and ensure a force convergence <5%
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Run numerical analysis:
«implement the choses amplitude loading for the simulations
«Define the step definitions for the numerical simulations

¥
Post-processing of FE-results:
«Establish diagrams for the cycles to failure and hysteresis loops for the analysis
«Verify stress concentrations and failure locations for the different test samples
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Weld toe to toe distance between weld A& B Structural steel tubular
varying between structure most common grade
1t, 2t & 4t where t is thickness in mm -




